
Structure, distribution, and biological activity of novel members of the
allatostatin family in the crayfishOrconectes limosus

Heinrich Dircksena,*, Petra Skiebeb, Britta Abela, Hans Agricolac, Klaus Buchnerd,
J. Eric Murene, Dick R. Nässele

aInstitute of Zoophysiology, University of Bonn, Bonn 53115, Germany
bInstitute of Neurobiology, Freie Universita¨t Berlin, Berlin 14195, Germany

cInstitute of General Zoology and Animal Physiology, University of Jena, Jena 07743, Germany
dInstitute of Biochemistry, Freie Universita¨t Berlin, Berlin 14195, Germany
eDepartment of Zoology, Stockholm University, Stockholm 10691, Sweden

Received 25 November 1998; accepted 8 February 1999

Abstract

In the central and peripheral nervous system of the crayfish,Orconectes limosus, neuropeptides immunoreactive to an antiserum against
allatostatin I (5 Dipstatin 7) of the cockroachDiploptera punctatahave been detected by immunocytochemistry and a sensitive enzyme
immunoassay. Abundant immunoreactivity occurs throughout the central nervous system in distinct interneurons and neurosecretory cells.
The latter have terminals in well-known neurohemal organs, such as the sinus gland, the pericardial organs, and the perineural sheath of the
ventral nerve cord. Nervous tissue extracts were separated by reverse-phase high-performance liquid chromatography and fractions were
monitored in the enzyme immunoassay. Three of several immunopositive fractions have been purified and identified by mass spectroscopy
and microsequencing as AGPYAFGL-NH2, SAGPYAFGL-NH2, and PRVYGFGL-NH2. The first peptide is identical to carcinustatin 8
previously identified in the crabCarcinus maenas. The others are novel and are designated orcostatin I and orcostatin II, respectively. All
three peptides exert dramatic inhibitory effects on contractions of the crayfish hindgut. Carcinustatin 8 also inhibits induced contractions of
the cockroach hindgut. Furthermore, this peptide reduces the cycle frequency of the pyloric rhythms generated by the stomatogastric nervous
system of two decapod species in vitro. These crayfish allatostatin-like peptides are the first native crustacean peptides with demonstrated
inhibitory actions on hindgut muscles and the pyloric rhythm of the stomatogastric ganglion. © 1999 Elsevier Science Inc. All rights
reserved.
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1. Introduction

A set of neuropeptides that inhibit juvenile hormone
biosynthesis in the corpora allata was isolated from the
cockroachDiploptera punctata[72]. These closely related
peptides were thus designated allatostatins. Subsequently, a
large number of related neuropeptides has been isolated
from several other insect species of the ordersOrthoptera,
Diptera, Lepidoptera,and Blattoidea [12,18,20,22,71,72,
75,79,81,83]. Although these peptides are not inhibiting
juvenile hormone synthesis in all the insect species of ori-

gin, they have been referred to the peptide family of alla-
tostatins, because most of them share the common amidated
C-terminus YXFGLamide. The analysis of precursor struc-
tures has revealed that up to 14 neuropeptides belonging to
this class occur on the same precursor in the cockroachesD.
punctataand Periplaneta americanaand the locustSchis-
tocerca gregaria[13,17,78,83]. Recently, in the two blow-
fly speciesCalliphora vomitoriaandLucilia cuprina, genes
have been cloned that contain identical sequences of five
allatostatin-like peptides, almost all of which have been
identified before as so-called Leu-callatostatins from ex-
tracts of fly heads [22]. It is noteworthy that some callato-
statins (Leu-Cast 2, 3, and 8) identified before from extracts
of fly central nervous system (CNS) [21] can now be con-
sidered products of N-terminal trimming or cleavage during
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processing of the peptides encoded on the precursor (e.g.
from those designated II and V [22]). Apart from the func-
tions as true allatostatic factors, which seem to be restricted
only to a subgroup of peptides of this family and to certain
insect species, the cockroach allatostatins and the blowfly
callatostatins have been shown to exhibit inhibitory actions
on parts of the insect gut. In homologous assays, by using
the species from which the peptides were isolated, both the
cockroach and the fly peptides display inhibitory actions on
the hindgut with some restriction to the ileal part [22,38]. It
is surprising, however, that when tested in a heterologous
assay by using the cockroachLeucophaea maderae, a spe-
cies in which only one allatostatin-like peptide is known
[47], callatostatins exert inhibitory effects only on the fore-
gut but not on the hindgut of this species [23]. Extensive
immunocytochemical studies of allatostatin-like immunore-
active (ASTir) peptides in the CNS of insects have shown
an abundant distribution of ASTir peptides not only in
lateral protocerebral neurons innervating the corpora car-
diaca and allata [70], but, furthermore, in interneurons of the
entire CNS, in projection neurons extending to peripheral
neurohemal and visceral organs including the hindgut, and
even in gut endocrine cells of several insect species [2,12,
22,23,54,82].

Evidence for the existence of ASTir neurons in the cen-
tral and peripheral nervous system of other invertebrate
groups such as coelenterates, worms, mollusks, and crusta-
ceans has further accumulated from immunocytochemical
studies [1,10,55,60,63,64]. In crustaceans, for instance, the
stomatogastric nervous system and the pericardial organs of
the crabCancer borealis, the lobsterHomarus americanus,
and the crayfishCherax destructorandProcambarus clarkii
[10,59,60] and the entire nervous systems ofCarcinus mae-
nas and the crayfishOrconectes limosus[1] have been
shown to contain extensive neuronal systems reacting with
antibodies against an insect allatostatin. Furthermore, phys-
iological experiments have demonstrated profound inhibi-
tory effects of some selected cockroach allatostatins on the
rhythms generated by the stomatogastric nervous system
(STNS) and on stomach muscles ofC. borealis[34,60].D.
punctataallatostatins (Dip-AST) I to IV (5 Dipstatins 7, 9,
8, and 5), but in particular Dip-AST III (5 Dipstatin 8),
inhibit the pyloric [60] and the gastric rhythms [61] gener-
ated by the stomatogastric ganglion (STG), in a dose-de-
pendent manner. The same allatostatins were also able to
reduce the amplitude of nerve-evoked contractions, excita-
tory junctional potentials, and excitatory junctional currents
at both cholinergic and glutamatergic neuromuscular junc-
tions [34]. Preliminary data from in vivo experiments with
the crayfishC. destructorand O. limosus indicated that
injections of Dip-AST III into the hemolymph reduce the
number of spikes per cycle of some of the STG neurons and
the frequency of the pyloric rhythm [7,30]. Recently, an
unexpected multitude of up to 20 allatostatin-like peptides,
termed carcinustatins, has been identified in extracts of
thoracic ganglia of the green crab,C. maenas[19], the

physiological actions of which are not yet known. However,
the nature of native crayfish allatostatin-like peptides was
up to the present date unknown.

In the present study, we describe the neuronal localiza-
tion and quantitative distribution of ASTir material and the
identification of the first three of several native allatostatin-
like peptides in the CNS of the crayfishO. limosus. We
provide physiological data on profound inhibitory effects of
the peptides on the crayfish hindgut and, in the case of one
of these peptides, on the pyloric rhythm generated by the
neurons of the STG of a closely related crayfish and a crab
species. In addition, the latter peptide was also tested in a
heterologous insect hindgut preparation to see whether the
observed close similarities in the primary structures of cray-
fish and insect allatostatin-like peptides might be indicative
of functional similarities.

2. Materials and methods

2.1. Animals

American crayfishO. limosusfrom the river Havel in
Berlin, Germany, were obtained from local fishermen and
kept in large aquaria with running tap water at 12°C to 14°C
and a light/dark cycle of 12:12 h. Specimens of the Austra-
lian crayfishC. destructor(60–90 g) were obtained from
commercial dealers in Hamburg, Germany, and kept in
running tap water at 14–16°C on a light/dark cycle of 12:12
h. Edible crabs,Cancer pagurus(100–800 g), were pur-
chased from a marine biological station (Biologische An-
stalt Helgoland, Helgoland, Germany). The crabs were
maintained in aquaria with circulating aerated, artificial
seawater at 14°C to 16°C. Cockroaches,Leucophaea mad-
erae, were taken from a laboratory colony maintained at
Stockholm University, Stockholm, Sweden. These cock-
roaches were raised at 25°C with a light/dark cycle of 16:8
h and were fed dog chow and water ad libitum. Adult
crayfish, crabs, and cockroaches of both sexes were cold-
anesthetized on ice for'30 min before dissection.

2.2. Immunochemical techniques

Immunocytochemistry was performed as described pre-
viously [15] on whole mount preparations and Vibratome
sections of ganglia of crayfishO. limosusCNS after fixation
in Stefanini’s fixative [73] overnight at room temperature.
Ganglia were dissected in an ice-chilled crayfish saline
(mM: NaCl, 440; KCl, 11.3; MgCl2, 26.3; CaCl2, 13.3; Tris
base, 11.0; maleic acid, 5.2; pH 7.4 to 7.5; modified from
the study by Van Harreveld [77]) and pinned out in silicone-
coated dishes before application of the fixative. After wash-
ing out the fixative with 0.1 M phosphate-buffered saline
(PBS), pH 7.4, eyestalk and brains were embedded in an
ovalbumin/gelatin mixture hardened overnight in 10% for-
malin in PBS. Vibratome sections (50mm thick) were cut
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on a Vibratome Model 1000 (Bachofer, Heidelberg, Ger-
many) in chilled PBS and incubated free-floating in 2%
normal goat serum in 0.1 M Tris-HCl-buffered saline, pH
7.4, containing 0.5% Triton X-100 and 150 mM NaCl
(TBTX-0.5) for 1 h. The latter incubation as well as all the
following were performed at room temperature. Overnight
incubations in primary anti-Dip-AST I serum (code K1
[82]) diluted 1:10 000 to 1:20 000 in TBTX-0.5 were fol-
lowed by incubation steps in goat anti-rabbit link antiserum
(Nordic Labs, Tilburg, The Netherlands) diluted 1:50 in
TBTX-0.5 for 1 h and finally in peroxidase–antiperoxidase
complexes (Dakopatts, Hamburg, Germany) diluted 1:300
in TBTX-0.5 for 1 h. Washes for 33 10 min between and
after the steps were done in the same 0.1 M Tris-HCl-
buffered saline but containing 0.1% Triton X-100. The
peroxidase reaction was performed in 0.01% H2O2 and 10
mg of diaminobenzidine tetrahydrochloride (Sigma, Dei-
senhofen, Germany) in 0.1 M PBS, pH 7.4, for 30 to 45 min
under visual control. Immunostaining of whole mount prep-
arations of ventral nerve cord ganglia, STGs, and neurohe-
mal pericardial organs was performed exactly as described
elsewhere [16], by using the peroxidase–antiperoxidase
technique for detection and two primary anti-Dip-AST I
sera (codes K1 and K8 [82]) used at dilutions of 1:5 000 to
1:8 000. Both antisera gave the same staining patterns. For
morphological nomenclature, especially of brain structures,
we largely follow a terminology described previously for
several infraorders of decapod crustaceans including cray-
fish [56].

A sensitive competitive enzyme immunoassay (EIA) for
Dip-AST I, similar to those described previously for other
small peptides [37,54], has been developed: Microtiter
plates (Maxisorp F16 NUNC, Wiesbaden, Germany) were
coated overnight with 100ml/well of a conjugate of Dip-
AST I coupled covalently to human serum albumin (Sigma)
via 1-ethyl-39-(3-dimethylaminopropyl)carbodiimide (Sig-
ma) at a ratio of 50:1:560 parts of Dip-AST I/human serum
albumin/1-ethyl-39-(3-dimethylaminopropyl)carbodiimide
[62] and diluted with 0.1 M phosphate buffer, pH 8.0, the
final concentration being adjusted to 0.2mg/ml of the hu-
man serum albumin carrier. After washing three times in 0.1
M phosphate buffer, pH 8.0, plates were blocked with 100
ml/well of 1% normal goat serum (Paesel, Frankfurt, Ger-
many) in 0.1 M phosphate buffer, pH 8.0, for 2 h at room
temperature or overnight at 4°C followed by chucking out
the solution without further washes. Thereafter, samples and
standards (50ml/well) were applied at appropriate dilutions
in 0.01 M PBS containing 8 g/l NaCl, 0.2 g/l KCl, and 0.1%
Tween 20 (PBST) followed by 50ml/well of the same
anti-Dip-AST I antibodies as used for immunocytochemis-
try (code K1 mostly in use) both at a dilution of 1:4 000 in
PBST were loaded onto the plates, mixed by briefly shak-
ing, and incubated overnight at 4°C. After four washes in
PBST, the detection of bound antibodies was accomplished
by incubation for 1 h atroom temperature of 100ml/well of
a sheep anti-rabbit peroxidase conjugate (Merck, Darm-

stadt, Germany) diluted 1:4000 in PBST. After another four
washes in PBST, the enzyme reaction was performed for 30
to 45 min by using 0.006% H2O2 and 0.4 mg/ml 2-29-
azinobis-(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS;
Sigma) in sodium citrate buffer, pH 4.0. Absorbance was
quantitatively evaluated at 405 nm in a plate reader (Titertek
Multiscan Plus, Labsystems, Finland) connected to a per-
sonal computer (EIA program version 2.0, Flow Laborato-
ries, Dunn, Asbach, Germany).

2.3. Extraction and prepurification of crayfish
nervous tissues

To determine quantitatively the distribution of ASTir
peptides in eyestalks, brains, and ventral nerve cord ganglia
of O. limosus,tissues were carefully dissected in total under
chilled crayfish saline subsequently cut between single gan-
glia complexes, as shown in Fig. 2. Each ganglion of three
different specimens was extracted separately by a 30-s son-
ication in Eppendorf caps on ice (Branson sonifier, Branson,
Danbury, CT, USA) in 500ml of Bennett’s acidic extraction
medium consisting of 1% NaCl (wt/vol), 5% formic acid
(vol/vol), 1% trifluoroacetic acid (TFA; vol/vol) in 1 M
aqueous HCl [5], and centrifuged at 12 0003 g at 4°C in a
Beckman microfuge (Beckman Instruments, Palo Alto, CA,
USA). Supernatants were subsequently dried in a vacuum
centrifuge (Speed Vac concentrator, Savant, Farmingdale,
NY, USA). The remaining pellets were dissolved in 1 M
NaOH for the determination of protein contents [65].

For the large-scale extraction and identification of ASTir
peptides from initially two batches of CNS tissues ofO.
limosus,we modified methods described previously for the
isolation of crab and cockroach myotropic peptides [9,48].
Extracts of a batch of 226 brains and 433 abdominal ganglia
chains (5.23 g wet weight), and another batch of 252 ganglia
chains of the thorax including the subesophageal and the
five leg ganglia (7.61 g wet weight), were pooled at the end
of the following procedure: Each batch of tissue was first
homogenized in'20 ml of ice-cold Bennett’s solution [5]
in a hand-driven 50-ml Potter-Eveljem homogenizer with a
Teflon pestle. The homogenate was then sonicated on ice for
4 3 30 s with a Vibra cell sonication system (Sonics and
Materials, Danbury, CT, USA) and centrifuged at 10 5003
g for 20 min at 4°C in a Beckman J-21C centrifuge (JA20
rotor; Beckman Instruments). The resulting supernatant was
stored on ice until being combined with the supernatant
after reextraction of the pellet with the same method. The
pooled supernatants were subjected to prepurification on
Sep-Pak Vac 20cc C18 cartridges (Waters, Milford, MA,
USA) equilibrated with 0.1% aqueous TFA after activation
with 50 ml of 100% acetonitrile (MeCN) and 50 ml of 100%
water before loading with extract samples. After washing
off the unbound sample components on the cartridge with
10% aqueous MeCN containing 0.1% TFA (MeCN-TFA),
peptides were eluted with 23 15 ml 40% aqueous MeCN-
TFA.

697H. Dircksen et al. / Peptides 20 (1999) 695–712



2.4. Chromatography, mass spectrometry,
microsequencing, and synthesis

Separation of peptides from crayfishO. limosuswas
performed by a modification of an established method [48]
by reversed-phase high-performance liquid chromatography
(HPLC) on a first Waters HPLC system with U6K injector,
a Model 600E controller, and a Model 486 ultraviolet de-
tector (set at 210 nm). Computerized data acquisition and
processing with the aid of a Millennium 2010 chromatog-
raphy manager was performed in the following four HPLC
steps with four different column systems. If necessary, an
additional purification step was performed on a second
Waters HPLC system consisting of two Model 510 pumps,
a Model 680 solvent programmer, a U6K injector, a Model
481 LC spectrophotometer (all Waters), and a chart recorder
with integrator functions (Waters 740 Data Module). (1) For
the first purification step, the Sep-Pak eluates were diluted
to a final concentration of 10% MeCN-TFA. The final
volume of'550 ml was divided in two batches of 225 ml
and pumped in two separate runs directly onto a Delta-Pak
RCM C18 cartridge (253 100 mm, 30 nm, 15mm; Waters)
within '30 min. After 1 min of initial conditions, a linear
gradient was applied from 10% to 40% MeCN-TFA for 110
min (0.27% MeCN/min) followed by an isocratic mode in
the same solvent for 7 min and a final 10-min gradient to
80% MeCN-TFA at a flow rate of 7.5 ml/min. Fractions
were collected automatically every minute for 120 min and
analyzed by the Dip-AST I EIA by taking out 150-ml
subfractions from the 7.5 ml in each tube followed by
drying in the Speed Vac concentrator, redissolving in 250ml
of EIA buffer, and assaying duplicates or triplicates of 50ml
of the latter, thus, finally an amount of 0.4% of each fraction
per well. The remainders were saved frozen for a repetition
of the EIA if necessary. Subsequently, immunopositive
fractions were dried completely. (2) The pooled samples
from two runs were taken up into 1 ml of 10% MeCN-TFA
and subjected to the second HPLC step on a Vydac Diphe-
nyl column (219TP54, 4.63 250 mm, 30 nm, 5mm; Vydac,
Hesperia, CA, USA). After 2 min under initial conditions, a
linear gradient from 18% to 30% MeCN-TFA in 76 min
(0.16% MeCN/min) was applied, which was followed by
two short gradients of 1 min each to 40% and finally to 80%
MeCN-TFA at a flow rate of 1 ml/min. Aliquots of 1% each
of fractions collected automatically from 15 to 44 min were
tested by EIA and immunopositive fractions were dried. (3)
The third step, HPLC on a Supelcosil C8 column (LC-8-
DB, 4.63 150 mm, 10 nm, 3mm; Supelco, Bellefonte, PA,
USA), made use, after 1 min under initial conditions, of a
linear gradient from 10% to 30% MeCN-TFA in 60 min,
followed by another short linear gradient to 40% MeCN-
TFA in 5 min, an isocratic mode for 3 min, and finally, a
linear gradient to 80% MeCN-TFA in 5 min at a flow rate
of 1 ml/min. Aliquots of 1% of the peak fractions collected
manually were tested by EIA and dried. (4) The fourth
HPLC step, to purify the ASTir fractions eluted from the

previous column, was performed on a Partisil C18 column
(ODS3, 4.63 250 mm, 5mm; Fisons Scientific Equipment,
Leicestershire, UK) by using, after 2 min under initial con-
ditions, a gradient from 15% to 35% MeCN-TFA in 40 min
at a flow rate of 1 ml/min followed by the same final modes
as described for the previous step. In another run performed
on the same column, the gradient conditions were changed
to an elution from 18% to 38% MeCN-TFA in 40 min.
Aliquots of 1% of the manually collected fractions were
tested by EIA. (5) The fifth HPLC step, performed on a
Bakerbond C18 column (wide pore, 4.63 250 mm, 5mm,
Mallinckrodt Baker, Griesheim, Germany), involved, after 2
min under initial conditions, a gradient from 18% to 36%
MeCN-TFA in 40 min, or to 33% MeCN-TFA in 50 min, at
a flow rate of 1 ml/min. Aliquots of 1% of the manually
collected fractions were tested by EIA.

Purified peptides were analyzed for molecular mass by
matrix-assisted laser desorption/ionization mass spectrome-
try (MALDI-MS), by using either a Kompact MALDI II
system (Kratos, Manchester, UK) at the Department of
Medical and Physiological Chemistry, Uppsala University,
Uppsala, Sweden, or a MALDI–time-of-flight (MALDI-
TOF) system (Bruker, Bremen, Germany) at the Freie Uni-
versität Berlin, Berlin, Germany. Peptide samples ('2 pmol
of ASTir in the EIA) run on the MALDI-MS were recon-
stituted in 5ml of 10% MeCN-TFA and applied at 0.5ml
together with an equal amount ofa-cyano-4-hydroxycin-
namic acid as a matrix. The spectra were externally cali-
brated. Peptide samples on the MALDI-TOF systems were
reconstituted in 33% MeCN-TFA and applied with
a-cyano-4-hydroxycinnamic acid (saturated in the same so-
lution) as a matrix. Sample spectra were obtained in linear
and/or reflectron mode at normal voltage. In addition, when
only small quantities were available, peptides were sub-
jected to post-source-decay analysis of their fragments [66]
with emphasis on N-terminal b-ions detected at lower volt-
age in the reflectron mode [35].

Subsequently, Edman sequencing by the identification of
phenylthiohydantoin-derivatized amino acids was per-
formed on an Applied Biosystems Model 477A gas-phase
protein sequencer equipped with a Model 120A analyzer (at
Uppsala University) or on an Applied Biosystems Model
473A gas-phase protein sequencer (at Freie Universita¨t,
Berlin, Germany).

The peptides were synthesized on an Applied Biosys-
tems Model 433A synthesizer by applying standard chem-
istry for 9-fluorenylmethyloxycarbonyl (Fmoc)-derivatized
amino acids [3] at the Institute of Biochemistry, Charite´
Hospital, Humboldt University, Berlin, Germany. The pu-
rity of the synthetic peptide was checked on the second
HPLC system. Solvents for a linear gradient elution were
0.11% TFA in H2O and 60% MeCN-TFA. For details con-
cerning columns and chromatographic conditions, see leg-
ends to Figs. 3 and 4. Synthetic peptides were quantified by
amino acid analysis on reversed-phase HPLC according to
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either orthophthaldialdehyde [84] or Fmoc-chloroformate
[24] precolumn derivatization methods.

2.5. Bioassays

Established procedures for bioassaying of peptides were
applied in a homologous bioassay of the heart and the
hindgut of crayfishO. limosus[69] and in a heterologous
bioassay of the hindgut of an insect, the cockroachL.
maderae[32,48].

In brief, semiisolated crayfish hearts attached to the dor-
sal cephalothorax or the posterior half of the crayfish hind-
gut attached to a small piece of sternal and tergal cuticle
surrounding the intact anus but dissected from the terminal
ganglion connections were fixed within a cylindrical perfu-
sion chamber (1.2 ml) and tied to a force transducer (FT 03,
Grass Instruments, Quincy, MA, USA). Contraction fre-
quencies and amplitudes were amplified with a preamplifier
(7P122D, Grass Instruments) and recorded on a chart re-
corder (7S1225–79, Grass Instruments). The chamber was
slowly and constantly perfused with the aid of a peristaltic
pump with constantly aerated crayfish saline kept at 12°–
14°C experimental temperature until the control or test
samples were applied directly to the chamber. Only during
sample application times the flow was stopped, which, how-
ever, had no influence on the contractile activity of the
organs. Thereafter, the test samples were flushed out by
using 20 ml of crayfish saline and perfusion started again for
several minutes before the application of the next sample.
Peptide samples were applied for 6 min by replacing 120ml
(10%) of the saline in the chamber by saline containing 10
times the desired final concentration of peptide. Analysis of
contractions was performed by measuring their frequency
and amplitude during 4 min before sample application and
exactly between 1 and 5 min after sample application. For
statistical analysis, a one-way analysis of variance test was
applied at a 95% level of confidence.

For the cockroach hindgut assay, the dissected hindgut of
L. maderaewas attached under constantly aerated insect
saline (mM: NaCl, 154; KCl, 2.7; CaCl2, 1.8; glucose, 22;
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (Hepes),
12; pH 6.75 [48]) by cotton thread loops with its posterior
end to the bottom of a 5-ml glass chamber. The anterior end
was attached to an isotonic tension transducer coupled to an
amplifier (both from Kent Scientific Corp, Litchfield, CT,
USA). Test samples were added to the saline in the cham-
ber, and the tonus of the hindgut as well as the frequency
and amplitude of spontaneous or stimulated contractions
were recorded via a Servogor 120 pen recorder (Goerz,
Neudorf, Austria). After incubation for at least 3 min, test
samples were flushed out, and the hindgut was allowed to
recover for at least 3 min before applying the next sample.
Because no action was seen on spontaneous activity of the
hindgut, synthetic CST-8 was applied for 3 min after a
3-min application of stimulation by proctolin orManduca
sextaallatotropin.

2.6. Electrophysiology

Further bioassay experiments were performed on the
STNS of the crabC. pagurusand the crayfishC destructor.
C paguruswas chosen because the STG has been shown to
have the same identified cell types and network character-
istics as the closely related speciesC borealis[29], which
had previously been investigated for allatostatin effects
[60]. The STNS output of the crayfishO. limosusproved to
be extremely difficult to record over long periods especially
after partial removal of the STG neural sheath, so the cray-
fish C. destructorwas chosen for the electrophysiological
experiments.

The STNS of both species is composed of four ganglia
together with their connecting and motor nerves. The paired
commissural ganglia (CoGs) lie between the brain and the
subesophageal ganglion (SOG) (see also Fig. 9), which are
interconnected by the circumesophageal connectives (cocs).
The esophageal ganglion (OG) is located between and con-
nected to both CoGs by the inferior esophageal nerves
(ions). The STG is connected with the CoGs by the superior
esophageal nerves (sons) and the stomatogastric nerve (stn).
The main motor nerve leaving the STG is the dorsal ven-
tricular nerve (dvn), which is a good monitor of the rhythms
generated by the STG and from which all extracellular
recordings were made.

Extracellular recordings were performed as described
previously [60]. The dissected STNS from crab or crayfish
was pinned down in a silicone polymer-lined (Sylgard 184,
Dow Corning, Midland, MI, USA) Petri dish with a diam-
eter of 5.5 cm and superfused with precooled 12° to 14°C
Cancersaline (mM: NaCl, 440; MgCl2, 26; CaCl2, 13; KCl,
11; Trizma base, 10; maleic acid, 5; pH 7.4 to 7.5 [29]) or
another crayfish saline (mM: NaCl, 205; MgCl2, 2.6; CaCl2,
13.6; KCl, 0.54; 4-(2-hydroxyethyl)-1-piperazineethanesul-
fonic acid, 7.6; pH 7.4 to 7.5; modified from the study by
Van Harreveld [77]), respectively. The STGs were partially
desheathed to facilitate diffusion of the peptides into the
ganglion. In preparations with a pyloric cycle frequency
.1.3 Hz in saline, bothions and onesonwere cut to reduce
modulatory input coming from the CoGs and projecting into
the STG [11], because it is known forC. borealisthat the
effects of some Dip-ASTs depend on the pyloric frequency
in saline [60]. The extracellular recordings of the motor
nerves were performed with a pair of stainless steel wire
electrodes, one of which was placed next to the nerve and
isolated from the bath with Vaseline. The other electrode
was placed in the bath. Data were collected on a chart
recorder (Dash IV, Astro-Med, West Warwick, RI, USA).
Preparations were continuously superfused (1–4 ml/min)
with saline and the bath volume was 5 to 8 ml. Stock
solutions of 1023 M synthetic Dip-AST III (Bachem Bio-
chemicals, Heidelberg, Germany) and 1023 M of the syn-
thetic crayfish allatostatin-like peptide in distilled water
were diluted to the final concentration just before superfu-
sion.
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3. Results

3.1. Immunocytochemistry and EIA

The entire CNS, the STNS, and the pericardial organs of
the crayfishO. limosuscontain ASTir neuronal structures.
In the eyestalk, strongly staining ASTir fiber networks are
detected in the medullae externa, interna, and terminalis but
not in the lamina ganglionaris (Fig. 1a). The stratified ASTir
fibers in the medullae externa and interna arise from.100
small cortical cell bodies and three smaller unidentified
clusters around these neuropils. Another four cell clusters
scattered around the cortex of the medulla terminalis give
rise to a complex innervation of almost all subfractions of
this neuropil together with fibers entering from the brain via
the protocerebral tract. The neurohemal sinus gland con-
tains a few tiny fibers of faint immunoreactivity and of
unknown origin (labeling did not occur in all preparations).
In the brain, all delineated protocerebral, deutocerebral, and
tritocerebral neuropils contain strongly stained fiber plex-
uses with prominent concentrations in the anterior and pos-
terior protocerebral neuropils, the so-called optic neuropils,
the central body, the accessory and olfactory lobes, and the
antennary neuropils (Fig. 1b and c). The central body re-
ceives inputs from the anterior median cell cluster, and the
accessory lobe glomeruli are almost exclusively innervated
by several hundred small globuli cells (cluster 9, see San-
deman et al. [56]; Fig. 1b and c). Fibers in the antennary (II)
neuropils partly originate in ventral median and posterior
median somata clusters. Several unidentified tracts and
commissures in the brain contain ASTir fibers, but the
olfactory–globular tract linking the brain olfactory centers
and hemiellipsoid bodies of the eyestalk is essentially de-
void of ASTir fibers. However, the brain olfactory neuropils
contain sparsely distributed fine fiber plexuses (Fig. 1c).
The connective ganglia contain three clusters of three to six
small cells and about four to five cells with larger, strongly
stained somata, all of which branch in the neuropil of these
ganglia (Fig. 1d). The superior (son) and inferior (ion)
esophageal nerves contain at least two and four fibers,
respectively, which connect the connective ganglia neuro-
pils with the peripheral STNS. Part of the fibers in theion
as well as two of four fibers in the inferior ventricular nerve
(ivn) arise from two strongly stained somata in the esoph-
ageal ganglion (Fig. 1e). The inferior ventricular nerve
fibers branch profusely in the brain. The inputs of fibers into
the immunostained neuropil inside the STG originate from
the connective ganglia entering via theion, from up to four
fibers in the dorsal ventricular nerve (dvn) and from up to
maximally six intrinsic ganglion cells, one of which usually
stains more strongly than the others (Fig. 1f). Each neuro-
mer of the ventral nerve cord ganglia contains lateral or
anterior lateral somata clusters as well as a varying number
of cells in medial ventral positions. Part of the anterior
lateral clusters (about 20–40 cell bodies) in the subesopha-
geal and thoracic ganglia show central and peripheral in-

nervation patterns (Fig. 1g and h). Most prominent are
projections into the walking legs in the thorax and to plex-
uses of varicose fibers and terminals in extensive neurohe-
mal release sites in the dorsal perineural sheath of the
subesophageal and thoracic ganglia, in the perineurium of
the dorsal nerve roots (roots 2 and 3) of the corresponding
neuromers (Fig. 1g and h) and in the neurohemal pericardial
organs that are innervated via the segmental nerves (Fig. 1h
and j). In the pericardial organs, which, in crayfish, are a
composite of subesophageal and thoracic segmental nerves
anastomosing by longitudinal trunks after having entered
the pericardial cavity, almost all parts contain varicose fiber
arborizations and typical neurohemal terminals next to the
surface of these structures (Fig. 1j). More sparsely distrib-
uted are ASTir neurons in the abdominal ganglia. Apart
from anterior lateral clusters of three to four cells, up to six
ventral median cells can be detected in each ganglion, which
contribute to extensive neuropilar fiber networks (Fig. 1i).
However, none of these cells shows peripheral projections.
This also holds true for the fused terminal ganglion, from
which the innervation of the hindgut arises; no immunola-
beling was seen in efferent axons, although neuronal pro-
cesses in the neuropil of this ganglion were labeled, and
hindgut tissues were devoid of AST immunoreactivity.

The distribution of ASTir neuronal structures correlates
well with our quantitative evaluation of ASTir material
extractable from central nervous tissues of the crayfishO.
limosuswith the newly developed Dip-AST I EIA (Fig. 2).
The ED50 value for the detection of Dip-AST I standard in
our assay is'6.25 fmol Dip-AST I per well (5 concentra-
tion of 62.5 pM; detection limit,'10 pM), but the cross-
reactivity of the identified crayfish ASTir peptides (see
below) was,1%. The largest amounts of ASTir material
were found in the eyestalk and the subesophageal and tho-
racic ganglia. The latter ganglia always included consider-
able parts of the segmental nerves between the cuts through
the connectives.

3.2. Peptide isolation and identification

Four to five HPLC purification steps were necessary for
the identification of three ASTir peptides of the crayfishO.
limosus,as shown in Fig. 3. The immunopositive fractions
at 55 and 56 min of retention time (24.7% and 25.0%
MeCN, respectively; see box I in Fig. 3a) from the first
HPLC run were subjected to a different column that sepa-
rated immunopositive fractions at 21 and 22 min (21.0%
and 21.2% MeCN, respectively; Fig. 3b). From these pooled
fractions, two different areas of ASTir peptides were sepa-
rated in the third HPLC step, which yielded two immunopo-
sitive major fractions at 41.9 min (23.3% MeCN) and 46.0
min (29.7% MeCN), respectively (Fig. 3c). The first of
these immunopositive fractions was purified in the fourth
HPLC step, and we obtained a large peak of reasonable
homogeneity at 33.2 min (30.6% MeCN; Fig. 3e), which
could be subjected without further purification to mass spec-
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Fig. 1. Distribution of allatostatin-like immunoreactive (ASTir) neurons in Vibratome sections (50mm; a–c) and whole mount preparations (d–f) of the central
and peripheral nervous system of the crayfishOrconectes limosus. (a) Eyestalk ganglia showing ASTir fiber networks in the medullae externa, interna, and
terminalis (ME, MI, and MT) but not in the lamina ganglionaris (LG), and fibers connecting to the brain via the protocerebral tract (PT). (b) Dense fiber
networks in the anterior and posterior median protocerebral neuropils (AMPN and PMPN) and the central body (Cb) partially arising from somata in the
anterior median cell cluster of the brain. (c) Olfactory centers of the brain showing globuli cells innervating the accessory lobe (AL) and networks of fine
fibers in the olfactory lobe (OL) and the lateral antennary neuropil (LAN). (d) Groups of small (arrows) and large cell bodies (large arrowheads) and fibers
in the superior and inferior esophageal nerves (sonand ion) and at the surface of the ganglion (small arrowheads). (e) Two strongly stained cell bodies in
the esophageal ganglion giving rise to fibers in theion and in the inferior ventricular nerve (ivn). (f) Stomatogastric ganglion showing dense neuropilar fiber
networks partially arising from strongly (arrowhead) and faintly staining (arrows) ASTir intrinsic cells. Note unstained neurons in the vicinity.(g) Somata
clusters in the subesophageal ganglia (arrowheads) partially giving rise to extensive networks of varicose fibers and terminals at the surface of thesegmental
nerve roots and neurohemal areas in the perineurium. (h) Anterior lateral cell cluster in the left half of a third thoracic ganglion showing T-shaped branches
(arrowheads) leading to leg innervations and the supply of the segmental nerve roots (SN). (i) Anterior lateral cell bodies and neuropil fibers in the third
abdominal ganglion, ventral cells out of focus. (j) Trunks in the pericardial organs showing extensive networks of varicose fibers and terminals nextto the
surface of the organ. Scale bars, 100mm.
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trometry and microsequencing. MALDI-TOF analysis on
two different machines resulted in a molecular ion detected
at 795.2 Da (M1 H1; Table 1), consistent with the results
of unambiguous Edman sequencing of an octapeptide of the
sequence AGPYAFGL(amide) with a calculated mass of
794.93 Da (as M1 H1 ion; Table 1). This sequence is
identical to that of the previously described carcinustatin 8
(CST 8) of the shore crab,C. maenas[19]. However, further
purification of the small ASTir peak fraction eluting just
before CST 8 in the same run (arrow in Fig. 3e) yielded a
novel peptide eluting as a single ASTir peak fraction at 20.4
min (23.5% MeCN) in the fifth run (Fig. 3f). MALDI-TOF
analysis of this peak fraction resulted in molecular peptide
ions detected at 882.5 Da (M1 H1) and ions of its sodium
and potassium adducts (Table 1). The mass of this major
peptide ion was consistent with the results of Edman se-
quencing of a nonapeptide of the sequence SAGPYAFGL-
(amide) with a calculated mass of 882.01 Da (as an ami-
dated M1 H1 ion; Table 1). This novel peptide, termed
orcostatin I (OST I), is obviously an analogon of CST 8,
N-terminally extended by a serine residue. Further analysis
of post-source-decay spectra revealed N-terminal fragment
ions consistent with the sequence of OST I (Table 1). The
second fraction at 47 min of the third run yielded two major
ASTir fractions in the fourth step HPLC (Fig. 3d). The last
one of these eluting at 27.5 min (30.7% MeCN) was purified
further in a fifth step HPLC to yield a single ASTir peak at
18 min (26% MeCN; Fig. 3g). MALDI-TOF analysis of this
peak fraction resulted in molecular peptide ions detected at
908.8 Da (M1 H1) in the linear mode, but in the reflectron
mode in an ion at 907.6 Da (M1 H1) and a pronounced ion
of its sodium adduct at 929.9 Da (Table 1). The mass of the
peptide ions fits the results of Edman sequencing obtained
for the novel octapeptide of the sequence PRVYGFGL-

(amide), termed orcostatin II (OST II), with a calculated
mass of 908.09 Da (as an amidated M1 H1 ion; see also
Table 1). post-source-decay spectra analysis revealed N-
terminal fragment ions consistent with the sequence of this
novel peptide (Table 1), which shares only the tyrosine in
the fourth position and the C-terminal FGLamide with the
other two peptides. Comparison of elution patterns of the
small lots of the nativeO. limosusCST 8 and orcostatins
that remained after mass determination and sequencing with
those of the synthetic peptides in amidated form confirmed
the identity of the peptides. In each case, both the native and
the synthetic peptides eluted at exactly identical retention
times (Fig. 4a–f). Thus, we can assign the following primary
structures of AGPYAFGL-NH2 as identical to CST 8 de-
scribed previously [19], SAGPYAFGL-NH2 to OST I, and
PRVYGFGL-NH2 to OST II, respectively.

3.3. Muscle bioassays

Application of CST 8 on spontaneously active hearts and
hindguts ofO. limosusresulted, only in the cases of hind-
guts, in a decrease in both the amplitude and frequency of
myogenic contractions. The heartbeat performance was vir-
tually unaffected by CST 8 (data not shown). The inhibitory
effects on frequency and amplitude of the hindgut contrac-
tions were reversible after washing with saline, which, how-
ever, could take several minutes. Similar inhibitory effects
on the crayfish hindgut were observed for OST I and OST
II. Although it is difficult to quantify inhibition of sponta-
neous activity, examination of the recorded traces (control
frequencies, 29.26 5.1 contractions per min;n 5 98)
revealed in several experiments that the inhibitory effects of
all peptides were dose dependent and of almost equal
strength, with a threshold between 1029 and 1028 M and a

Fig. 2. Quantitative distribution of allatostatin-like immunoreactive (ASTir) peptides in the central nervous system (CNS) of the crayfishO. limosus(lines
in the CNS sketch indicate connective transsections), expressed as pmol ASTir/mg protein (black columns) and ASTir per ganglion (stippled columns). Inset
shows a typical standard curve forD. punctataallatostatin I (Dip-AST I). ESG, eyestalk ganglia; CG, cerebral ganglia; SOG, subesophageal ganglia; TG,
thoracic ganglion; AG, abdominal ganglion.

702 H. Dircksen et al. / Peptides 20 (1999) 695–712



703H. Dircksen et al. / Peptides 20 (1999) 695–712



maximum at 1026 M, at which concentration in several
cases complete inhibition was observed. The effect lasted 10
to 15 min, after which the spontaneous activity slowly came
back to normal conditions as exemplified in Fig. 5. We
restricted, however, our measurements to the maximum
effects usually appearing between 1 and 5 min after sample
application for the construction of dose-response curves
(Fig. 6) showing that frequency and amplitude of contrac-

tions are almost equallyaffected. Significant inhibition (P ,
0.05), compared with the control of frequencies and amplitudes
of contractions, was obtained at a concentration of 1028 M for
all three peptides.

In the cockroach hindgut assay, CST 8 (10210 to 1027

M) had no effect on the spontaneous activity or on contrac-
tions induced by proctolin added at 1028 or 1029 M (data
not shown). However, when we stimulated contractions in
the hindgut by addingM. sextaallatotropin at 1027 M to the
organ bath, the addition of synthetic CST 8 exerted a strong
and dose-dependent inhibition of peptide-stimulated con-
tractions (n 5 3) with a threshold at'1029 M (Fig. 7).

3.4. Electrophysiology

A series of experiments was performed to test the phys-
iological action of CST 8 on the pyloric motor pattern
generated by the STG and compare its effect with that of
Dip-AST III in two crustacean species, the crabC. pagurus
and the crayfishC. destructor. The pyloric motor pattern
involves alternating bursts of activity in three different types
of motor neurons, lateral pyloric, pyloric, and pyloric dilator
neurons. The pyloric rhythm was monitored by extracellular
recordings from the dorsal ventricular nerve (dvn) as shown
in the top right sketch of Fig. 9. In five experiments onC.
pagurus, both CST 8 [Fig. 8 (left)] and Dip-AST III [Fig. 8
(right)] caused a very similar decrease in the pyloric cycle

4™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™
Fig. 3. High-performance liquid chromatography (HPLC) purification of
allatostatin-like immunoreactive (ASTir) peptides of the crayfishO. limo-
sus as determined in fractions by using theD. punctataallatostatin I
(Dip-AST I) enzyme immunoassay. (a) First step HPLC of CNS material
on a Waters Delta-Pak C18 cartridge showing three dozen ASTir fractions
some of which exhibit strong immunoreactivity (boxes I to V). (b) Second-
step HPLC purification of pooled fractions eluted at 55 and 56 min from
box I (in a) yielding two strongly ASTir fractions at 21 and 22 min. (c)
Third-step HPLC purification of the pooled fractions from (b) yielding two
ASTir fraction areas at 42 min and'47 min; only the relevant part of the
chromatogram is shown. (d) Rechromatography of the 47-min fraction in
(c) yielding two major ASTir fractions (arrow indicates fraction rechro-
matographed in g). (e) Last step for the HPLC purification on a Partisil
ODS-3 C18 column of the fraction eluted at 41.9 min in (c) yielding
carcinustatin 8 (5 CST 8) in the largest peak fraction eluted at 33.5 min
(arrow indicates fraction rechromatographed in f). (f) Rechromatography
of the fraction indicated in (e) yielding one ASTir peak fraction (arrow)
containing orcostatin I (OST I). (g) Rechromatography of the fraction
indicated in (d) yielding one ASTir peak fraction (arrow) containing
orcostatin II (OST II).

Table 1
Amino acid sequences and molecular masses of crayfish allatostatin-like peptides and their N-terminal fragments as determined by MALDI time-of-flight
and post-source-decay analyses

Peptide Sequence Mr Calculated Mr Measured

[M 1 H1]
Average

[M 1 Na1]
Average

[M 1 K1]
Average

[M1 H1]
Lin. Mode

[M 1 H1]
Refl. Mode

[M 1 Na1]
Refl. Mode

[M 1 K1]
Refl. Mode

CST 8 AGPYAFGLaa 794.93 816.91 833.02 795.2a — 817.1a 833.3a

AGPYAFGLa 794.93 816.91 833.02 795.2 — 816.5 832.5
OST I SAGPYAFGLa 882.01 903.99 920.09 882.5 — 904.0 919.8
OST II PRVYGFGLa 908.09 930.07 946.18 908.8 907.6 929.9 —
OST I fragments (b-ions)

SAGPYAFG 751.80 752.1
SAGPYAF 694.75 695.2
SAGPYA 547.57 547.9
SAGPY 476.49 476.4
SAGP 313.32 313.6
SAG 216.20 216.1

OST II fragments (b-ions)
PRVYGFG 777.89 778.4b

PRVYGF 720.84 721.3b

PRVYGF(-NH3
c) 703.81 704.3

PRVYG 573.66 573.8
PRVYG(-NH3

c) 556.63 556.7
PRVY 516.61 516.3
PRV 353.43 353.9
PRV(-NH3

c) 336.41 336.7

a Data obtained by the first MALDI-MS system.
b Data represent maxima of small peaks in the PSD spectrum.
c Data for b-fragment ions lacking one amino group.
MALDI, matrix-assisted laser desorption/ionization; CST, carcinustatin; OST, orcostatin; MS, mass spectrometry.
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frequency, which was reversible. At a concentration of 1027

M, CST 8 reduced the frequency from 0.76 Hz in saline to
0.61 Hz, and Dip-AST III from 0.79 Hz in saline to 0.65 Hz.

At a concentration of 1026 M, CST 8 reduced the frequency
from 0.78 Hz in saline to 0.37 Hz and Dip-AST III reduced
the frequency from 0.83 Hz in saline to 0.51 Hz. In most
preparations, control patterns of activity returned after 10 to
20 min of washing with saline.

To determine the dose dependence of the CST 8 effect,
five experiments were performed on the crabC. pagurusby
applying CST 8 from 1029 to 1026 M to the bath. At
concentrations of 1029 or 1028 M CST 8, the frequency of
the pyloric rhythm either increased (n 5 5) or decreased
(n 5 5) slightly. The results of one such experiment is
shown in Fig. 9, where 1029 M CST 8 reduced the fre-
quency from 0.72 Hz in saline to 0.65 Hz and 1028 M
increased the frequency from 0.70 Hz in saline to 0.73 Hz.
In all five experiments, however, CST 8 caused a decrease
in the frequency of the pyloric rhythm at concentrations of
1027 and 1026 M CST 8. In this particular experiment, 1027

M CST 8 reduced the frequency from 0.76 Hz in saline to
0.61 Hz, and 1026 M reduced the frequency from 0.78 Hz
in saline to 0.37 Hz. The percent change in pyloric cycle
frequency produced by a given concentration of peptide
varied from preparation to preparation, depending on the
initial control frequency; i.e. 1026 M CST 8 had pro-
nounced inhibitory effects when the preparations were
slowly cycling but only weak effects on preparations with
faster pyloric rhythms (Fig. 10).

We also compared the actions of CST 8 and Dip-AST III

Fig. 4. High-performance liquid chromatographs of'250 pmol of native (a) and 150 pmol of synthetic crayfish carcinustatin 8 (b),'15 pmol of native (c)
and 100 pmol of synthetic crayfish orcostatin I (d),'10 pmol of native (e) and 100 pmol of synthetic crayfish orcostatin II (f). The comparative runs were
performed directly one after another at the same chromatographic conditions on an analytical Bakerbond C18 column; gradient elution from 20.4% to 32.4%
aqueous acetonitrile (MeCN) containing 0.1% trifluoroacetic acid in 25 min at a flow rate of 1 ml/min. Each pair of peptides eluted at exactly the same
retention times, thus confirming the identity of the peptides.

Fig. 5. Mechanograms showing the dose-dependent inhibitory actions of
synthetic crayfish carcinustatin 8 (CST 8) on a spontaneously active hind-
gut of the crayfishO. limosus. Note the complete inhibition of contractile
activity at a concentration of 1026 M carcinustatin 8 lasting several
minutes.
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on the pyloric rhythms of the crayfishC. destructor(n 5 5).
Both peptides exhibit the same effects at about the same
concentration, and these effects were reversible in saline.
The effects, however, were somewhat different from those
seen inC. pagurus. Before reducing the cycle frequency,

both CST 8 and Dip-AST III reduced the spike frequency of
a neuron that fired between the lateral pyloric and the
pyloric dilator bursts (Fig. 11). At a concentration of 1027

M CST 8 [Fig. 11 (left)] or Dip-AST III [Fig. 11 (right)], the
firing frequency of this neuron was clearly reduced, al-
though the frequency of the pyloric rhythm was almost
unchanged (saline, 0.48 Hz; 1027 M CST 8, 0.50 Hz; saline,
0.48 Hz; 1027 M Dip-AST III, 0.45 Hz). At a concentration
of 1026 M CST 8 [Fig. 11 (left)] or Dip-AST III [Fig. 11
(right)], the firing frequency of this unit was completely
abolished. At these concentrations also the pyloric cycle
frequency was reduced. CST 8 at 1026 M reduced the
frequency from 0.50 to 0.43 Hz, and Dip-AST III at 1026 M
from 0.46 to 0.33 Hz.

4. Discussion

Analysis of the wide distribution of ASTir peptides in
immunocytochemically stained neuronal structures of the
crayfishO. limosusrevealed an enormous complexity com-
prising interneurons in almost all ganglia of the CNS as well
as neurosecretory cells, especially in the ventral nervous
system with projections in well-established large neurohe-
mal organs. The topographic distributions of crayfish ASTir
neurons largely match but to some extent exceed those
described in several crayfish species, e.g. for neurons con-
taining serotonin [25,53,57] or several native crustacean
peptides such as red-pigment concentrating hormone [40],
pigment-dispersing hormone [41], proctolin [58], FMRF-
amide-related peptides [45], and crustacean cardioactive
peptide (CCAP) [46,76]. Furthermore, the neuronal distri-
bution of ASTir peptides in the STNS ofO. limosusis very
similar to those described for other astacuran and brachyu-
ran crustaceans [59,60]. The distribution of ASTir neurons
in the crayfish CNS matches the quantitative EIA determi-
nations of immunoreactivity in different ganglia. Because
the antibody to Dip-AST I used in the EIA is highly specific
for Dip-AST I already when compared with other Dip-ASTs
[54,82], it is not surprising that the cross-reactivity to cray-
fish CST 8 and orcostatins is quite low (,1%). However,
this implies that the actual total amount of ASTir peptide in

Fig. 6. Dose-response curves showing the inhibitory actions of carcin-
ustatin 8 (CST 8) and orcostatins I and II (OST I and OST II) on the
frequency (a) and amplitude (b) of contractions of semiisolated hindguts of
the crayfishO. limosus. Data represent percentages of mean values after
application divided by mean values (6 standard error) before application
of CST 8 (n 5 6; circles), OST I (n 5 4; squares), and OST II (n 5 4;
triangles). Significant inhibition compared with the control of frequencies
and amplitudes of contractions occurs at concentrations higher than 53
1029 M for all three peptides (P , 0.05).

Fig. 7. Mechanogram showing the stimulatory effect of aM. sextaallatotropin (Mas-AT) and the inhibitory effect of synthetic crayfish carcinustatin 8 on
the hindgut of the cockroachL. maderae(recorder swing-out in cm).
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the crayfish CNS is much higher than indicated by the EIA.
Nevertheless, when judging from immunostainings of neu-
rons and the matching quantities of peptide material, the
widely distributed ASTir peptides most likely participate in
neuromodulation in sensory (visual and olfactory) systems
of the crayfish eyestalk and brain. The peptides can proba-
bly act in the control of several different motor systems, as
has been shown here in the cases of the STG rhythmic

motor outputs of a crayfish and a crab. The actions of
crayfish CST 8 and the orcostatins on the hindgut, however,
we consider to be of humoral origin, because no ASTir
hindgut innervations have been observed. The existence of
several more ASTir fractions after the first HPLC step
suggests that a similar multitude of allatostatin-like peptide,
as described recently for the crab [19], also exists in the
crayfish, which is currently under investigation. CST 8 is

Fig. 8. Comparison of the effects of crayfish carcinustatin 8 (CST 8) andDiploptera allatostatin III (AST III) on the pyloric cycle frequency of the
stomatogastric ganglion of the crabC. pagurus. Activity of lateral pyloric (LP), pyloric (PY), and pyloric dilator (PD) neurons was recorded extracellularly
from the dorsal ventricular nerve (dvn). On the left are traces from dorsal ventricular nerve recordings before and 10 min after CST 8 application and on the
right are the traces after 10 min of AST III application. At concentrations of 1027 and 1026 M, both CST 8 and AST III produced a noticeable decrease in
the cycling frequency of the pyloric rhythm (saline, 0.766 0.01 Hz; 1027 M CST 8, 0.616 0.03; 1026 M CST 8, 0.376 0.07 Hz; 1027 M AST III, 0.65 6
0.01 Hz; 1026 M AST III, 0.51 6 0.10 Hz; saline, 0.886 0.01 Hz; mean6 SD; n 5 10 periods).

Fig. 9. Dose dependence of the carcinustatin 8 (CST 8) action on the pyloric rhythm of the crabC. pagurus. (a) Activity of lateral pyloric (LP), pyloric (PY),
and pyloric dilator (PD) neurons was recorded extracellularly from the dorsal ventricular nerve (dvn) at 1029, 1028, 1027, and 1026 M CST 8. (b) Histogram
showing the change in pyloric cycle frequency after application of differing concentrations of CST 8 (black columns) relative to saline controls (white
columns) before application or after the washes (saline, 0.726 0.01 Hz; 1029 M CST 8, 0.656 0.02 Hz; saline, 0.706 0.01 Hz; 1028 M CST 8, 0.736
0.03 Hz; saline, 0.766 0.01 Hz; 1027 M CST 8, 0.616 0.03 Hz; saline, 0.786 0.02 Hz; 1026 M CST 8, 0.376 0.07 Hz; saline, 0.796 0.01 Hz; mean6
SD, n 5 10 bursts; SD of all bars too small to show). Measurements were taken 10 min after bath application of CST 8 and 10 min after starting the wash.
Inset shows a sketch of the combined preparation of ganglia and nerves (CoG, connective ganglion;ion, inferior ventricular nerve; OG, esophageal ganglion;
SOG, subesophageal ganglion;son,superior esophageal nerve; STG, stomatogastric ganglion;stn,stomatogastric nerve).
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obviously a new example in crustaceans for exactly the
same members of peptide families occurring across species
borders. This was hitherto known only for orcokinins [8]. A
higher degree of structural conservation is only known for
important nonfamily peptides such as red-pigment concen-
trating hormone [26], proctolin [36], and CCAP [14] in
crustaceans. It seems, therefore, unlikely, although not com-
pletely excluded, at present, that CST 8 may be a break-
down product of OST I, because enzymatic processing of
prohormones of allatostatin-like peptides by so-called N-

terminal trimming may release single residues or a dipeptide
from the N-terminus of a larger peptide [22]. However, final
decisions about this problem will have to await the unrav-
eling of the prohormone structures of the orcostatins.

The hindgut ofO. limosusresponds to several crustacean
myostimulatory factors such as CCAP [68,69] and orcoki-
nin [67], but we provide here the first demonstration of
native crustacean myoinhibitory factors, the identified cray-
fish CST 8 and OST I and OST II. The inhibitory effect is
obvious and similar for all three peptides, although the
complete inhibitions of hindgut contractility at higher con-
centrations are not long lasting, which may be indicative of
a rapid breakdown of the peptides at the tissue level and a
role in the fine tuning of contractions only. It is surprising,
however, that crayfish CST 8, in contrast to CCAP [69], did
not affect the heartbeat, although it seems to be released
from the neurohemal pericardial organs. In preliminary ex-
periments, we found that 1027 M CST 8 blocks CCAP-
evoked stimulations of the hindgut ofO. limosusbut not
those elicited by proctolin, which are similar to the ones
described previously for a ‘proctolin-like peptide’ in a dif-
ferent crayfish species [44]. The latter is intriguing because
stimulatory effects of proctolin in assays of the cockroach
D. punctatahindgut are known to be inhibited by Dip-AST
I [38,39]. It is interesting, however, that the proctolin-
stimulated hindguts of the cockroachL. maderaealso did
not respond to CST 8 application. The blowfly Leu-calla-
tostatins also did not affect the spontaneous and proctolin-
induced contractility of theL. maderaehindgut, but inhib-
ited that of the foregut only [23]. On the other hand, we
could show here that the stimulatory action of Mas-alla-
totropin on theL. maderaehindgut was subject to CST 8
inhibition. These Mas-allatotropin-induced muscle contrac-
tions are likely to involve only the muscles of the posteri-
orly located rectal pads, which are innervated by both Mas
allatotropin–immunoreactive and Dip-AST I–immunoreac-
tive nerve fibers (Rudwall AJ, Na¨ssel DR, unpublished

Fig. 10. Reduction of the pyloric cycle frequency inC. pagurusduring
individual applications of crayfish carcinustatin 8 (CST 8) andDiploptera
allatostatin III (Dip-AST III) depends on the initial control frequency in
saline. Pyloric cycle frequencies were measured from extracellular dorsal
ventricular nerve recordings (n 5 5) made before and 10 min after appli-
cation of CST 8 (1026 M; circles) or Dip-AST III (1026 M; squares). In
four of these five experiments, measurements were taken after cutting the
ions and oneson, which caused a reduction of the control frequency. In one
of these four experiments, CST 8 was also applied before the nerves were
cut.

Fig. 11. Comparison of the effects of crayfish carcinustatin 8 (CST 8) andDiploptera allatostatin III (AST III) on the pyloric cycle frequency of the
stomatogastric ganglion of the crayfishC. destructor. Traces from dorsal ventricular nerve recordings before and 10 min after application of CST (left) or
AST III (right) showing for both peptides a reduction in the firing frequency of a neuron that fires action potentials between the lateral pyloric (LP) and pyloric
dilator (PD) bursts. At a concentration of 1026 M, both peptides produced a noticeable decrease in the cycling frequency of the pyloric rhythm (saline, 0.486
0.04 Hz; CST 8 and CST 1027 M, 0.50 6 0.05 Hz; CST 8 and CST 1026 M, 0.43 6 0.04 Hz; saline, 0.486 0.02 Hz; AST III 1027 M, 0.45 6 0.03 Hz;
AST III 1026 M, 0.33 6 0.03 Hz; saline, 0.406 0.03 Hz; mean6 SD, n 5 10 periods). (For details on measurements and abbreviations, see Fig. 9).
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data). Our experiments provide the first demonstration of a
myostimulatory activity of an allatotropin on a cockroach
hindgut. This peptide has previously been shown to be
cardioacceleratory on semiisolated hearts of pharate adult
M. sexta[80]. Although authentic CST 8 may not exist inL.
maderae,the cross-phyletic bioactivity of the peptide im-
plies that similarities must exist in the primary structures of
CST 8 and peptides of this cockroach species that probably
reside in the common C-terminus of these members of the
allatostatin peptide family (see also below). The recent
clarification of an AST-like tridecapeptide ofL. maderae, in
which the sequence of the 10 C-terminal amino acids is
identical to that of Dip-AST I [47], provides further support
for this view.

Several neuropeptides and other neuroactive compounds
indicated by immunocytochemistry to be present in the
STNS are known to change the motor pattern generated
from the STG, when superfused onto an isolated STNS (for
review, see Harris–Warrick et al. [27] and Marder et al.
[43]). Electrophysiological investigations with insect neu-
ropeptides in heterologous crustacean systems, have shown
that some peptides have inhibitory effects and have paved
the way for further identifications of novel classes of native
crustacean neuromodulators. For instance, tests on the cray-
fish STNS with inhibitory cockroach peptides such as sev-
eral Dip-ASTs [60] and leukomyosuppressin [74], the latter
being the first inhibitory peptide identified in insects [31],
gave first indications of the possible existence of inhibitory
factors among the families of allatostatin-like and FMRF-
amide-related peptides in arthropods other than insects. The
electrophysiological results presented here provide the first
evidence for the existence of direct physiological actions of
a native crustacean allatostatin-like peptide, CST 8, on the
STNS ofC. pagurus. The actions are very similar to those
of Dip-AST I to IV described forC. borealis [60] and
another crayfish species,C. destructor. CST 8 and Dip-AST
III require similar concentrations to inhibit the pyloric cycle
frequency to about the same magnitude. CST 8 reduces the
frequency of the pyloric rhythm in a dose-dependent man-
ner and, similar to the Dip-AST III inhibition of the pyloric
cycle frequency, the CST 8 inhibition is correlated with the
initial frequency of the pyloric rhythm in saline. This par-
ticular correlation has been observed for several peptides;
i.e. they have strong effects on the pyloric cycle frequency
when bath-applied to preparations that were cycling at low
frequencies, but have relatively little effect when applied to
rapidly cycling preparations. The phenomenon is well
known for peptides such as proctolin [33,42,50], FMRF-
amide-related peptides [85], and tachykinin-related peptides
[6], which increase the cycling frequency. It has been sug-
gested that different hormonal or physiological states of the
animal might cause the variability of the pyloric rhythms
and their state dependence [50]. The physiological state was
changed experimentally in most of the preparations by cut-
ting the nerves (onesonand twoions) connecting the CoG
with the STG. This operation obviously severs axons from

modulatory input neurons, which have their somata in the
CoGs and project to the STG [11]. Consequently, this ini-
tially increases the pyloric cycling frequency probably be-
cause of action potentials elicited by the cut, but is followed
by a decrease in the frequency of the rhythms because of
reduced modulatory inputs. Differences were found in the
inhibitory effects produced by both CST 8 and Dip-AST III
on the pyloric rhythms generated by the STG in the crayfish
C. destructorcompared with those observed in the crabC.
pagurus. These differences might be related to the fact that
an ASTir neuron is present in the STG ofC. destructor, but
not in C. pagurus[59,60].

In our experiments, CST 8 was bath-applied simulta-
neously onto all ganglia (CoGs, esophageal ganglion [OG],
and STG). Therefore, we cannot yet distinguish whether the
observed effects may be caused by: 1) inhibition of the
excitatory inputs to the STG from neurons in the CoGs and
the esophageal ganglion (OG) at the level of these ganglia
or their STG terminals; 2) inhibition of cells of the pyloric
network itself; or 3) both alternatives. When CST 8 or
Dip-AST III was applied to a bath constructed around the
STG only, the inhibitory effects on the pyloric rhythm were
still present (data not shown). InC. pagurus, an increase in
lateral pyloric burst duration was seen after allatostatin
application in most experiments. This increase is not nec-
essarily a direct effect of allatostatin, but could have re-
sulted from the frequency reduction observed after nerve
transsections. However, this demonstrates that allatostatin-
like peptides must have at least some direct action on STG
neurons or on presynaptic terminals of other excitatory
inputs. Further experiments including intracellular record-
ings will be necessary to unravel the exact target cells for
these peptides.

In insects, the conserved C-terminus of most allatostatins
is required for the activity in vitro [51], whereas the N-
terminus appears to confer the specificity and the affinity
between the allatostatin peptides and their corresponding
receptors [4,28,52]. The similarity of the effects of CST 8,
the orcostatins, and Dip-AST III suggests that in crustaceans
a conserved C-terminal YXFGL-NH2 is necessary for the
bioactivity as well. It is noteworthy that all hitherto identi-
fied crab [19] and crayfish allatostatin-like peptides differ in
primary structure from the.50 known insect allatostatins.
However, among the cockroach allatostatins tested previ-
ously on theC. borealis STNS, only one (Dip-AST II,
GDGRLYAFGL-NH 2) shows similarities in primary struc-
ture to CST 8 (AGPYAFGL-NH 2) with regard to the five
C-terminal amino acids but was slightly less effective than
Dip-AST III (GGSLYSFGL-NH 2; [60]), a peptide with
even fewer similarities to CST 8. This may indicate that
putative receptors conveying the observed actions of alla-
tostatins and CST 8 hitherto examined in these crustacean
species do not distinguish much between peptides sharing
more than theYXFGL-NH 2 residues at the C-terminus. The
close similarities of actions of the different crayfish alla-
tostatin-like peptides on the hindgut contractility further
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support this view. From structure–activity studies on the
inhibition of juvenile hormone biosynthesis by the octapep-
tide Dipstatin 4 and the octadecapeptide Dipstatin 2, it is
known that the most important conserved core sequence is
the YXFGL -NH2 for interaction with probably two differ-
ent receptors in the corpora allata [28,52]. Whereas the
amino acid at the ‘X’ position is obviously of minor impor-
tance if not replaced by aD-amino acid, the Gly residue
seems to be responsible for a possibly important C-terminal
b-turn structure of allatostatins [28]. This differs from the
observations on the specificity of the antibodies used in the
present and previous studies indicating that the pre- and
posttyrosyl amino acids are important epitopes for recogni-
tion by the antibodies [54,82] but not by the receptor(s).

Among the identified peptides, CST 8 is of special in-
terest from a comparative point of view because this par-
ticular peptide occurs with the same sequence in the crabC.
maenas[19]. Thus, it seems reasonable to assume that the
same peptide may also occur in the crab and crayfish species
used for our heterologous assays, which, however, has to
await final proof from biochemical identification. Closely
related members of the same peptide family can elicit sim-
ilar changes in the motor pattern generated by the STG as is
known for the adipokinetic hormone/red-pigment concen-
trating hormone peptide family [49], the FMRFamide-re-
lated peptides [85], and the tachykinin-related peptides
[6,9]. In crustaceans, the tachykinin-related peptides are
hitherto known to occur only in interneurons, whereas
members of the other families also occur in typical neuro-
secretory neurons, a similar situation we meet with the
orcostatins. Thus, for a putative family of crustacean alla-
tostatin-like peptides now known for a crab [19] and a
crayfish, we must consider both the neuromodulatory and
the myomodulatory functions, the latter, in the case of the
crayfish hindgut, obviously being brought about by alla-
tostatin-like peptides of humoral origin. Future studies must
unravel whether the entire multitude of allatostatin-like pep-
tides of one species occurs in and is coreleased from the
same ASTir neurons. If so, it remains to be determined
whether peptide-specific differentiations of actions on tar-
gets in peripheral organs and several neuronal networks or
a fine tuning of such targets by several similar peptides
released from the same ASTir neurons prevail.
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