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Abstract Biological activities of crustacean cardioactive
peptide (CCAP; PFCNAFTGCa) and leucomyosuppressin
(Lem-MS; pQDVDHVFLRFa) were studied in heterolo-
gous bioassays in the larvae and adults of Tenebrio molitor.
CCAP exerted a reversible and dose-dependent cardio-
stimulatory effect on the semi-isolated heart of the experi-
mental beetles at a concentration of >10~" M and induced
an effect similar to the endogenic cardio-stimulatory
peptide, proctolin. Injections of CCAP (10~°~1073 M) into
4-day-old adult reproductive females increased the concen-
tration of soluble proteins in hemolymph in comparison to
the saline injected controls. Electrophoretic analyses indicated
significant increase in the level of two proteins 130 and
170 kDa, and a partial increase of the level of 67-kDa pro-
tein. The studies indicated that CCAP increased also free
hemolymph sugar concentration in young larvae and adults
of the mealworm beetle. The cardio-inhibitory peptide
Lem-MS exerted the opposite effect: at concentration 10~"—
107 M, it significantly decreased the heartbeat frequency.
The induced changes were dose-dependent and reversible,
but at higher concentrations (>107> M) the stimulatory
effect disappeared. Injections of the Lem-MS into young
larvae at concentrations 10~°—1073 M, also increased the
free hemolymph sugar level similarly to the CCAP. This

Communicated by G. Heldmaier.

0. Wasielewski (IX)

Department of Zoology, University of Life Sciences,
Wojska Polskiego 71C, 60-625 Poznan, Poland
e-mail: oskarw @au.poznan.pl

M. Skonieczna

Department of Theory and Design of Computer Systems,
Silesian University of Technology, Akademicka 16,
44-100 Gliwice, Poland

work demonstrates the pleiotropic effects of CCAP and
Lem-MS in Tenebrio molitor.

Keywords Carobohydrates - Cardioactive peptide -
Chronotropic activity - Hyperglycemic activity -
Myoactive factors - Soluble proteins - Tenebrio molitor

Introduction

The crustacean cardioactive peptide (CCAP) (PFCNAFT-
GCa) was originally isolated from the neurohaemal struc-
tures and the pericardial organs of the shorecrab Carcinus
maenas (Stangier et al. 1988). So far, in insects, this pep-
tide has been identified in neurohormonal system of the
beetle Tenebrio molitor and several other insects like Dro-
sophila melanogaster, Locusta migratoria, Manduca sexta
and Spodoptera eridania (Stangier et al. 1989; Cheung
et al. 1992; Furuya et al. 1993; Dulcis et al. 2005). The pep-
tide CCAP has no structural homology to the other neuro-
peptide families and belongs to a family of cardioactive
peptides (CAPs) because of its ability to stimulate heart-
beat. This cyclic nonapeptide with the sulfide bridge has
been shown to stimulate contractions of the crayfish heart
(Stangier et al. 1987) and also induce a rapid increase in the
frequency and amplitude of phasic contraction of the myo-
cardium of Tenebrio molitor (Furuya etal. 1993). This
molecule is an endogenous signal substance in a few spe-
cies of insects and crustaceans (Dircksen 1998). In M. sexta
adults the CAPs, and possibly CCAP, triggers an increase
of the heart rate during long flights (Tublitz 1989), modu-
lates oviduct contractions in L. migratoria (Donini et al.
2001; Donini and Lange 2002), and hindgut activity in
M. sexta (Tublitz et al. 1992). It also increases hemolymph
circulation and facilitates the transport of energy substrates
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from the fat body to the flight muscles (Tublitz 1989). In
locusts Locusta migratoria and Schistocerca gregaria the
CCAP has been identified as the adipokinetic hormone
(AKH) release inducing factor (Veelaert et al. 1997; Vul-
lings et al. 1999). The AKHs are synthesized and released
from the corpora cardiaca (CC). They generally mobilize
lipids and carbohydrates from the fat body during a long
flights and control a lot of accompanying processes on cel-
lular, organ a organismal levels (see Kodrik 2008). This
implies that CCAP also acts as a hypertrehalosaemic hor-
mone. Another study suggests that the CCAP is involved in
the regulation of ecdysis behavior (review: Dircksen 1998;
Gammie and Truman 1999; Dulcis etal. 2005). In an
immunocytochemical study, CCAP-immunoreactive neu-
rons were found in the brain and nerve tissues (ventral
nerve cord) of flies, moths, cockroaches and also beetles
from Tenebrionidae family (Breidbach and Urbach 1996;
Predel and Wegener 2006).

Leucomyosuppressin (PQDVDHVFLRFa) was isolated
from the cockroach Leucophaea maderae (Holman et al.
1986) and belongs to the family of myosuppressins. The
neurohormones belong to the FMRF-related peptides with
hormonal, neurotransmitters and neuromodulatory activi-
ties in insects. These peptides were isolated from cock-
roaches (Holman et al. 1986; Predel et al. 2001), locusts
(Robb et al. 1989; Schoofs et al. 1993), dipterous insects
(Duve et al. 1992; Nichols 1992) and butterflies (Kingan
etal. 1990). The mass spectrometry analysis of extracts
from Tenebrio molitor nerve tissue, and deduced sequences
from the Tribolium castaneum genome, proved the pres-
ence of myosuppressins also in Tenebrionidae (Weaver and
Audsley 2008; Li et al. 2008).The mode of their physiolog-
ical actions in the visceral muscles is not uniform. They can
produce inhibitory or stimulatory effects, and also both
together, depending on the insect species, tested organ or
concentration of bioanalogue used (Cuthbert and Evans
1989; Duve et al. 1992; Peeff et al. 1993, Dulcis et al. 2005;
Mercier et al. 2007). In, Tenebrionidae the Lem-MS acts as
a strong cardioinhibitor in semi-isolated heart preparations
(Skonieczna and Rosinski 2004). Apart from the myoinhib-
itory activities, Lem-MS can also control the release of
AKH-HrTH from corpus cardiacum (Veelaert et al. 1998;
Vullings etal. 1999) and influence the movement and
excretory functions of Malpighian tubules (Coast 1998).
The action of CCAP and Lem-MS seems to be connected
with the guanosine-protein coupled receptors (GPCRs) and
acts through the second messenger activation (in review
Mercier et al. 2007).

However, the broad physiological functions of these two
peptides are still ambiguous in other group of insects, and
much less is known about their actions in beetles. In this
paper, we present the pleiotropic effect of leucomyosup-
pressin and CCAPs, which act as classical myotropic
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peptides, and have the same functions in modulation of
protein and carbohydrate levels in Tenebrio molitor.

Materials and methods
Insects

A stock culture of T. molitor was reared as previously
described (Rosinski et al. 1979). The age of mealworm par-
ents is fundamental for the developmental process of their
offspring (Ludwig and Fiore 1960; Ludwig et al. 1962),
hence, all insects in our experiments were derived from par-
ents that were less than 1 month old. Pupae from a stock
culture were sexed according to Ullmann (1973) and kept
separately until adult emergence. Adults that emerged
within a 6-12 h interval were transferred to plastic boxes
8cm L, 6cm W, 6 cm H) and were fed on oats with the
addition of 15% (w/w) fresh carrot slices.

Synthetic hormones

Cardioactive nonapeptide (CCAP) and leucomyosuppressin
(Lem-MS) were obtained from Bachem AG (Germany).
Proctolin and BSA (bovine serum albumin) and other
chemicals were procured from Sigma Chemical Company,
St Louis, MO, USA.

Injections

All injections were administered to anesthetized (using
CO,) larvae or females of Tenebrio. The peptides to be
tested were dissolved in 90% acetonitrile (Sigma, USA).
Directly before experiments, all tested peptides were dried
in vacuo (Jouan RC 10.22, Germany), dissolved in physio-
logical saline for Tenebrio (Butz, 1957) and injected in a
volume of 2 pl in adequate concentration range through the
ventral membrane between the second and the third abdom-
inal segments toward the head. Daily injections into meal-
worm females were administered once a day, on day 2 after
adult emergence, with Hamilton syringe (5 pl; Hamilton
Co. Germany). In, Tenebrio females the gonadotropic
phase continues for 4 days and terminates with egg laying.
The first 2 days of this phase are the most important for
ovarian development and vitellogenin accumulation. There-
fore, all injections were performed on day 2 of this phase to
check the stimulatory role of CCAP and/or Lem-MS in pro-
tein synthesis. Control insects were similarly injected with
the same volume of physiological saline. Proctolin (protein
bioassay) and bovine serum albumin (carbohydrate bioas-
say) were administered in a suitable dose in a manner simi-
lar to CCAP and Lem-MS and were used as an internal
standard during the experiments.
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Hemolymph protein analysis

Four days after adult emergence, hemolymph samples
(2 pl) were taken from a foreleg, diluted in 100 pl ice-cold
physiological saline and centrifuged at 10,000g for 4 min.
The supernatants were stored at —20°C and used for protein
analysis according to Bradford assay (1976). The total pro-
tein concentration of the hemolymph extracts was deter-
mined using bovine serum albumin as a standard.

Heartbeat bioassay

Peptides were assayed according to in vitro microdensito-
metric method of Rosinski and Géde (1988a, b) on semi-
isolated hearts from adult males and females of 7. molitor.
The adults were used for the experiments because of regu-
larity of the heartbeat, and uni-directional flow of haemol-
ymph in the aorta. The experimental beetles were
decapitated and the abdomen prepared for the assay, so that
the final preparation consisted of the dorsal vessel (the
heart), alary muscles, internal body muscles, the tracheae,
and the dorsal cuticle. Based on frequency and regularity of
heart-beat, the heart preparations were selected for bioas-
say, and then were superfused in Tenebrio saline (247 mM
NaCl, 19 mM KCI, 9 mM CaCl,, 5 mM glucose, 5 mM
HEPES, pH 7.0). After 20 min of stabilization in the saline,
an open perfusion system was used. In this system, an
injection port for tested peptides was located 70 mm above
the superfusion chamber. The semi-isolated heart was per-
fused during bioassay with fresh saline at the rate of about
140 pl/min so that the injected peptide would reach the
heart after about 15-20 s. Saline always flowed from the
open point to the perfusion chamber onto the caudal portion
of the heart. The saline was removed by suction with a
Whatman paper at the cephalic end of the preparation. The
activity of the heart was recorded automatically using a
microdensitometer MD-100 (Carl Zeiss, Germany). The
apparatus equipped with photocell counts optically every
contraction of the heart, and being connected with micro-
densitometer register system, generates the cardiogram on
paper. The application system with the injection port well
fitted to a Hamilton syringe, works as an open system,
which was designed to enable samples to be added without
causing a change in pressure. All assays were performed at
room temperature and many pulse applications of different
samples could be assayed in a single preparation. The con-
trol frequency of the heartbeat was monitored for the first
20 min of assay, when the heart was perfused with saline.
In the experiments the heartbeat was monitored always for
I min before, and after peptide injection. Peaks (contrac-
tions) were scored from obtained myograms for every
1 min, by chart speed 1 cm/10 s. Eventually, the frequency

of the heartbeat was expressed as number of contractions
per minute. This value was then converted into percentage
changes in heartbeat frequency in comparison to the control
frequency. The activities of tested peptides are presented in
figure as mean values + SEM from seven separate determi-
nations, and significant differences from the control were
established by Student 7-test (*P < 0.05).

Carbohydrate bioassay

The hyperglycemic activity of CCAP and Lem-MS was
studied following the injection of peptides into larvae and
young females just after ecdysis. Briefly, the peptides were
injected into the experimental beetles as mentioned above
and the hemolymph samples were taken just before and in
suitable time after the injection. The level of free sugar in
hemolymph was estimated for each sample separately
(Rosinski and Gide 1988a). During the experiments all
insects were incubated separately. The control insects were
injected with physiological saline. For comparison, differ-
ent developmental stages of insects were used (larvae and
young females) because of the differences in carbohydrate
metabolism.

The hemolymph samples (2 pl) were mixed with 500 pl
of 70% ethanol and shaken several minutes to obtain full
extraction of free sugar. The extracts were centrifuged at
10,000 % g for 4 min and the supernatants were used for free
sugar concentration analysis (Dubois et al. 1956) using tre-
halose as a standard.

Polyacrylamide gel electrophoresis (PAGE)

The hemolymph proteins were studied using sodium dode-
cyl sulphate polyacrylamide gel electrophoresis (SDS-
PAGE) according to Laemmli (1970) using 10% poly-
acrylamide gels. Samples were mixed with sample buffer
(1:1) containing 125 mM Tris—Hcl, 4% SDS, 20% glyc-
erol, 10% 2-mercaptoethanol, pH 6.8 and heated for 3 min
at 95°C in a water bath before being loaded onto the gels.
After heating, 0.5% bromophenol blue was added (1 pl)
and electrophoresis was run at 30 mA. The gels were
destained in a mixture of acetic acid and methanol
(destaining solution I: 10% acetic acid and 50% methanol;
destaining solution II: 7% acetic acid and 5% methanol).
Molecular masses of the studied proteins were estimated
using protein standards for SDS-PAGE (Sigma). Gels
stained with Coomassie Brilliant Blue were scanned on
Alpha Vista II scanner by using the Silver Fast-Se v6.0
2r32 software (LaserSoft Imaging). The concentration of
the proteins and the evaluation of their molecular masses
were done by using of the Total-Lab 1.1 software (demo
version; Nonlinear Dynamics).
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Results
Myotropic activity of Lem-MS and CCAP

The studies demonstrate cardioregulatory action of CCAP
and leucomyosuppressin on the semi-isolated heart of the
beetle, Tenebrio molitor. The effects of tested peptides are
reversible and dose-dependent. Figure 1 demonstrates the
typical myogram responses of 7. molitor to CCAP and
Lem-MS. Figure 2 displays the action of tested peptides in
the first minute of assay after peptide application. Because
of different duration on each preparation, this period was
optimal to count average dose-dependent effects on heart,
so the presented data did not show the maximal heart rate
after peptide application. Because of variability of used
preparations the results presented in Fig. 2 are the average
values, which do not strictly coincide with the example
shown in Fig. 1. The most important interaction of tested
peptides was reached immediately after application. The
significant effects of CCAP were observed in the concentra-
tion range 10~'-10~3 M (Fig. 2).

Strong cardiostimulatory effect at concentration over
107" M of the CCAP seems to be similar to the effect of
another well known endogenic peptide from beetle to proct-

Fig. 1 Myograms displaying typical responses on the spontaneous
activity in heart of Tenebrio molitor to CCAP and Lem-MS in the first
minute of assay after application. Peptide applications indicated by ar-
row. RF applications of saline solution
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olin, and is concomitant with an increase of frequency (pos-
itive chronotropic effects) of myocardial contractions. This
property is well demonstrated on the attached myograms,
where we can compare typically the action of CCAP with
physiological saline RF (Fig. 1).

In contrast to CCAP, leucomyosuppressin decreased the
frequency of the Tenebrio molitor heartbeat. Figure 1
demonstrates the typical response of heart muscles to
Lem-MS (negative chronotropic effect). The strongest, but
still not complete, cardioinhibitory action of the heart was
demonstrated by Lem-MS application at a concentration
107> M (Fig. 2). At higher concentrations of the peptide
the effect was much more effective, and even stopped the
heart completely. The effects of Lem-MS were also dose-
dependent and reversible. It is interesting to note that a
few minutes’ washing with the physiological saline, after
each peptide application, restored the heartbeat activity to
control levels.

Effect of CCAP and Lem-MS on hemolymph proteins

The average concentration of total soluble protein in the
hemolymph of 4-day-old females, injected with physiologi-
cal solution on day 2 of the reproductive phase, was
30 mgml~'. Successive injections of the mealworm
females with CCAP at concentration range 10~°—1073 M,
during the same time interval, caused significant changes in
the protein content (P < 0.05; Fig. 3). The total soluble pro-
tein was elevated to about 65 + 0.4 mg ml~' and was the
highest at concentration 107°M (77.6 + 0.3 mgml™)
compared with controls. The injections of Lem-MS and
proctolin, during the same period and doses, also increased
the protein content in hemolymph, but the changes were not
statistically significant (P > 0.05; Fig. 3).

Injecting of females with 107> M CCAP and Lem-MS
2 days after adult emergence modulated protein composi-
tion in the hemolymph, but only the CCAP-elicited changes
were significant. Both qualitative and quantitative changes
were recorded with the most evident and significant
increase of amounts of 130- and 170-kDa proteins and the
slight increase of amount of the 67-kDa one (Fig. 4;
Table 1).

Effect of CCAP and Lem-MS on free hemolymph
carbohydrates

The experiments demonstrated that the CCAP and Lem-MS
increase the free hemolymph sugar concentration in young
larvae (Fig. 5a, b), but only CCAP elevates them in the
adults (Fig. 6). In the young larvae, the response to both
injected peptides was time and dose dependent. The
injections at dose of 10~® M caused significant elevation of
the carbohydrate concentration after 1 h. The maximum
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Fig. 3 Changes in total protein concentration of hemolymph in 4-day-
old females of Tenebrio injected with saline and different dose of
CCAP, Lem-MS and proctolin (as internal standard) 2 days after adult
emergence. Columns represent mean values = SEM, n = 15. Signifi-
cant differences (*P < 0.05) from the control (saline) are indicated by
asterisk (Student z-test)

hyperglycemic response occurred 90-120 min after the
injection (Fig. 5a). This time-dependent response reduced
after reaching its peak, yet the effects persisted until 3 h
postinjection.

The hyperglycemic activity of CCAP and Lem-MS was
also dose dependent (Fig. 5b). The CCAP injection was a
bit, but not significantly more effective and increased the
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Dose of hormone (mol)
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Fig. 4 SDS-PAGE of hemolymph of 4-day-old female Tenebrio in-
jected with 107> M CCAP and 107> M Lem-MS 2 days after adult
emergence. Control females were injected with saline. C CCAP, L
Lem-MS, M molecular standards (205 kDa myosin, 116 kDa f3-galac-
tosidase, 66 kDa albumin, 45 kDa ovalbumin, 36 kDa glyceraldehyde-
3-phopsphate dehydrogenase)
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Table 1 Densitometric analysis of electrophoretogram of hemolymph proteins from 4-day-old female Tenebrio injected with 10~> M CCAP and
107> M Lem-MS 2 days after adult emergence. Numbers represent mean values + SEM, n = 10 (analysis of ten separate gels)

MW (kDa) Peak surface Peak height
Saline 1714 1309 672 2,052 +£0.9 2,280 £ 1.2 2,052 £ 1.1 88,5+ 1.1 137,5 £ 0.7 164,7 + 0.96
CCAP 1705 130.7 66.7  *2,888 £0.74  *2,964 £ 0.55 2,200£095  *1094+13  *153,4 +0.88 1859+ 1

Significant differences (P < 0.05) experimental versus control (saline) are indicated by asterisk MW (kDa)—molecular weights in kilodaltons; peak

surface and peak height—as results of densitogram analysis
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Fig. 5 Time (a) and dose-dependent (b) hyperglycemic response of
Tenebrio molitor larvae injected with saline, BSA (as internal stan-
dard), CCAP and Lem-MS. All bioassays were performed on white,
freshly moulted larvae about 150 mg of body mass. Dose-dependent
hyperglycemic response was estimated 120 min after injection. Sym-
bols represent mean values == SEM, n =20. Significant differences
(P < 0.05) experimental versus control (saline) are indicated by aster-
isk

level of free sugar in the larvae’s hemolymph upto ca.
16 4 0.35 mg ml~', whereas Lem-MS just to 14.7 & 0.3
mg ml~!. Similar results were obtained for adults using the
injections of the CCAP at the concentration range 10~ '—
1073 M (Fig. 6). The total content of free sugars was ele-
vated to about 7 + 0.4 mg ml~! and was the highest at the
concentration 1072 M (9.8 # 0.3 mg ml~!). The application
of the same doses of Lem-MS had no effect on increasing
the free sugar concentration in the hemolymph of young
females (Fig. 6). Very similar results were obtained when
bovine serum albumin was injected (Fig. 6).
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Fig. 6 Hyperglycemic response of freshly ecdysed females of
Tenebrio injected with saline, BSA (as internal standard), CCAP and
Lem-MS. Hyperglycemic response was estimated after 120 min after
injection Symbols represent mean values £ SEM, n = 15. Significant
differences (P < 0.05) experimental versus control (saline) are indi-
cated by asterisk (Student t-test)

Discussion

Intensive investigation of insect myotropic peptides in the
last few years indicated a pleiotropic activity of many of
them. Schoofs et al. (2001) found that some peptides from a
FMRF-amide like family, which are known for their myo-
tropic activity, also affect ovary maturation and egg devel-
opment, inhibit food intake and also promote cuticle
melanization in Locusta migratoria and S. gregaria. Also
CCAP originally discovered as myotropic factor of Teneb-
rio (Furuya et al. 1993) has been detected in many various
insect species (Cheung etal. 1992; Veelaert et al. 1997;
Sakai et al. 2004), where regulates many different processes
(Veelaert et al. 1997; Coast 1998; Vullings et al. 1999).
Recent investigations show that both CCAP and Lem-MS
also control the release of adipokinetic/hypertrehalosemic
neurohormones from corpora cardiaca (Schoofs et al.
2001).

The cardioactive peptide (CCAP) and Lem-MS possess
cardiotropic activity, and both can modulate the action of
the beetle’s heart. They have a stimulatory (CCAP) or
inhibitory (Lem-MS) effect on the isolated heart of the
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beetle T. molitor (Rosinski, 1995; Skonieczna and Ros-
inski, 2004). In Locusta migratoria, Cuthbert and Evans
(1989) showed that Lem-MS acts in a dose-dependent
manner, like schistomyosuppressin. The cardioinhibitory
activity of myosuppressins is probably strongly connected
with their C-terminal amino acid sequence -HVFLRF-
amide (Wang et al. 1995). The heartbeat activity of tested
peptides was studied only in one aspect, namely ability to
induce chronotropic disturbances. The observation of
other parameters of contractions, like changes of ampli-
tude or basal tension, requires more complicated monitor-
ing systems, and more advanced analysis of obtained data
in the same bioassay. In vitro microdensitometric method
allows observing long-time duration of effects for tested
peptides.

In this work, we found that CCAP and Lem-MS show
also hyperglycemic activity. Both neurohormones elevated
the free sugar level in larvae, but only CCAP caused such
an effect in Tenebrio adults (Fig. 6). The physiological
mechanism of hyperglycemic activity of CCAP and Lem-
MS is unknown, but it is supposed that there is a relation-
ship to vitellogenesis in female body by influencing accu-
mulation of carbohydrates and lipids in developing oocytes.
It is not also known if the hormones affect the carbohydrate
level directly and/or indirectly, e.g., by the affecting of CC
and releasing of the adipokinetic peptides. The Tenebrio
CC contains two hormone bioanalogues with hypertreha-
losemic activity, Tem-HrTH-I (Gdde and Rosinski 1990)
and -II (Rosinski 1995), which stimulate the fat body to
synthesize and release trehalose into the hemolymph. If we
consider the direct mechanism, it is probable that the tested
neurohormones act through a different set of fat body recep-
tors than the Tem-HrTHs because the primary structure of
CCAP and Lem-MS is significantly different from the
structure of Tem-HrTH (Rosinski and Gidde 1988a, b). It is
only the hypothesis, that CCAP acts on insect fat body sim-
ilar to glucagons in mammalian. In this hypothetical action
CCAP can activate a phosphorylase cascade, break up of fat
body glycogen and elevate of hemolymph carbohydrate.
Probably, CCAP can act as extracelluar ligand by binding
to appropriate, unknown fat body cell surface receptor. The
most probable mode of action is via guanosine protein-cou-
pled receptors (GPCRs) and activation of fat body glycogen
phosphorylase. It can generate hyperglycemia in hemo-
Ilymph. We have found that the injections of CCAP to
young Tenebrio females increased also the concentration of
soluble proteins in hemolymph (Fig. 3). These results indi-
cate that the metabolic activity of CCAP in Tenebrio
females is connected not only with elevation of carbohy-
drate level, but also with hemolymph hyperproteinemia. In
Locusta and Schistocerca, CCAP is a releasing factor for
neurohormones from AKH/HrTH group (Veelaert et al.
1997). The neurohormones AKH/HrTH take part in the

regulation of many biochemical processes of fat body and
peripheral tissues (Géde et al. 1997). Apart from mobiliza-
tion of carbohydrates and lipids they also influence on pro-
tein metabolism. In Blaberus discoidalis females, Bld-
HrTH stimulates the fat body to synthesize soluble proteins
and increases their release into the hemolymph (Keeley
etal. 1991). It is quite possible that a similar function exists
in Tenebrio females, where CCAP may stimulate the
release of AKH/HrTH neuropeptides from CC and plays an
important role in the regulation of protein and carbohydrate
content in hemolymph. We also confirmed myotropic activ-
ity of both peptides in our in vitro bioassays with semi-iso-
lated heart. The tissue response depends on neurohormone
and its concentration (Figs. 1, 2). Although the beetle’s
heart is sensitive to high concentrations of CCAP and Lem-
MS, a cardiotropic bioassay allowed identification of these
peptides as myotropic. Because of the high rate of
endogenic contractile activity of myocardium in Tenebrio
molitor, in vitro assays require non-physiological concen-
trations of tested peptides to demonstrate their effective
action. Previous in vivo studies on the heart of D. melano-
gaster also demonstrated effects of peptide concentrations
over 107* M (Dulcis et al. 2005).

In summary, the present study revealed new metabolic
functions of CCAP and Lem-MS other than their myotropic
ones and showed their potential role in regulation of many
other different processes with essential physiological mean-
ing.

Acknowledgments Contract grant sponsor: Grant no. 3P04C 03724
and 2P04C 04928 from the State Committee for Scientific Research,
Poznan, Poland. This study was supported by grant no. 3P04C03724
and 2P04C04928 from the State Committee for Scientific Research.
The authors thank Dr. Natraj Krishnan, Department of Zoology, Ore-
gon State University and Dr. Dalibor Kodrik, Institute of Entomology,
Biological Center CAS for their critical remarks and help in correcting
the language of the manuscript.

References

Bradford MM (1976) A rapid and sensitive method for the quantifica-
tion of microgram quantities of protein utilizing the principle of
protein—dye binding. Anal Biochem 72:248-254

Breidbach O, Urbach R (1996) Embryonic and postembryonic devel-
opment of serial homologous neurons in the subesophageal gan-
glion of Tenebrio molitor (Insecta: Coleoptera). Microsc Res
Tech 35:180-200

Cuthbert BA, Evans PD (1989) A comparision of the effects of
FMRFamide-like peptides on locust heart and skeletal muscle.
J Exp Biol 144:395-415

Cheung CC, Loi PK, Sylwester AW, Lee TD, Tublitz NJ (1992) Pri-
mary structure of a cardioactive neuropeptide from the tobacco
hawkmoth, Manduca sexta. FEBS Lett 313:165-168

Coast GM (1998) The influence of neuropeptides on Malpighian tubule
writhing and its significance for excretion. Peptides 19:549-560

Dircksen H (1998) Conserved crustacean cardioactive peptide (CCAP)
neuronal networks and functions in arthropod evolution. In: Coast

@ Springer



884

J Comp Physiol B (2008) 178:877-885

GM, Webster SG (eds) Recent advances in arthropod endocrinol-
ogy. Cambridge University Press, London, pp 302-334

Donini A, Lange AB (2002) The effects of crustacean cardioactive pep-
tide on locust oviducts are calcium-dependent. Peptides 23:683—
691

Donini A, Agricola HJ, Lange AB (2001) Crustacean cardioactive pep-
tide is a modulator of oviduct contraction in Locusta migratoria.
J Insect Physiol 47:277-285

Dubois M, Gilles KA, Hamilton JK, Rebers PA, Smith F (1956) Col-
orimetric method for determination of sugars and related sub-
stances. Anal Chem 28:350-356

Dulcis D, Levine RB, Ewer J (2005) Role of the neuropeptide CCAP
in Drosophila cardiac function. J Neurobiol 64:259-274

Duve H, Johnsen AH, Sewell JC, Scott AG, Orchard I, Rehfeld JF,
Thorpe A (1992) Isolation, structure and activity of -Phe-Met-
arg-Phe-NH2 neuropeptides (designated calliFMRFamides) from
the blowfly Calliphora vomitoria. Proc Natl Acad Sci USA
89:2326-2330

Furuya K, Liao S, Reynolds SE, Ota RB, Hackett M, Schooley DA
(1993) Isolation and identification of a cardioactive peptide from
Tenebrio molitor and Spodoptera eridania. Biol Chem 374:1065—
1074

Gide G, Rosinski G (1990) The primary structure of the hipertreha-
losemic neuropeptide from tenebrionid beetles; a novel member
of the AKH/RPCH family. Peptides 11:455-459

Gide G, Hoffman KH, Spring JH (1997) Hormonal regulation in in-
sect: facts, gaps and future directions. Physiol Rev 77:963-1032

Gammie SC, Truman JW (1999) Eclosion hormone provides a link be-
tween ecdysis-triggering hormone and crustacean cardioactive
peptide in the neuroendocrine cascade that controls ecdysis
behavior. J Exp Biol 202:343-352

Holman GM, Cook BJ, Nachman RJ (1986) Isolation, primary struc-
ture and synthesis of leucomyosuppressin, an insect neuropeptide
that inhibits spontaneous contractions of the cockroach hindgut.
Comp Biochem Physiol C 85:329-333

Keeley LL, Hayes TK, Bradfield JY, Sowa SM (1991) Physiological
actions by hypertrehalosemic hormone and adipokinetic peptides
in adult Blaberus discoidalis cockroaches. J Insect Physiol
21:121-129

Kingan TG, Teplow DB, Phillips JM, Riehm JP, Rao KR, Hildebrand
JG, Homberg U, Kammer AE, Jardine I, Griffin PR, Hunt DF
(1990) A new peptide in the FMRFamide family isolated from the
CNS of the hawkmoth, Manduca sexta. Peptides 11:849-856

Kodrik D (2008) Adipokinetic hormone functions that are not associ-
ated with insect flight. Physiol Entomol 33. doi:10.1111/j.1365-
3032.2008.00625.x

Laemmli UK (1970) Cleavage of structural proteins during the assem-
bly of the head of bacteriophage T4. Nature 227:680-685

Li B, Predel R, Neupert S, Hauser F, Tanaka Y, Cazzamali G, William-
son M, Arakane Y, Verleyen P, Schoofs L, Schachtner J, Grim-
melikhuijzen C, Park Y (2008) Genomics, transcriptomics, and
peptidomics of neuropeptides and protein hormones in the red
flour beetle Tribolium castaneum. Genome Res 18:113-122

Ludwig D, Fiore C (1960) Further studies on the relationship between
parental age and the life cycle of the mealworm, Tenebrio molitor.
Ann Ent Soc Am 53:595-600

Ludwig D, Fiore C, Jones R (1962) Physiological comparison between
offspring of the yellow mealworm, Tenebrio molitor, obtained from
young and from old parents. Ann Entomol Soc Am 55:439-442

Mercier J, Doucet D, Retnakaran (2007) Molecular physiology of crus-
tacean and insect neuropeptides. J Pestic Sci 32(4):345-359

Nichols R (1992) Isolation and structural characterization of Drosoph-
ila TDVDHVFLRFamide and FMRFamide-containing neural
peptides. J Mol Neurosci 3:213-218

@ Springer

Peeff NM, Orchard I, Lange AB (1993) The effects of FMRFamide-re-
lated peptides on an insect (Locusta migratoria) visceral muscle.
J Insect Physiol 39:207-215

Predel R, Wegener C (2006) Biology of the CAPA peptides in insects.
Cell Mol Life Sci 63:2477-2490

Predel R, Rapus J, Eckert M (2001) Myoinhibitory neuropeptides in
the American cockroach. Peptides 22:199-208

Robb S, Packman LC, Evans PD (1989) Isolation, primary structure
and bioactivity schistoFLRF-amide, a FMRF-amide-like neuro-
peptide from the locust, Schistocerca gregaria. Biochem Biophys
Res Commun 160:850-856

Rosinski G (1995) Metabotropic and myotropic peptides from insects.
Seria Zoologica, vol 22. UAM, Poznan

Rosinski G, Géide G (1988a) Hyperglycaemic and myoactive factors in
the corpora cardiaca of the mealworm, Tenebrio molitor L. J In-
sect Physiol 34:1035-1042

Rosinski G, Géide G (1988b) Physiological effect of corpus cardiacum
extracts in Tenebrio molitor L. In: Sehnal F, Zabza A, Denlinger
DL (eds) Endocrinological frontiers in physiological insect ecol-
ogy. Wroclaw Technical University Press, Wroclaw, pp 651-654

Rosinski G, Wrzeszcz A, Obuchowicz L (1979) Differences in treha-
lase activity in the intestine of fed and starved larvae of Tenebrio
molitor L. Insect Biochem 9:485-488

Sakai T, Satake H, Minakata H, Takeda M (2004) Characterization of
crustacean cardioactive peptide as a novel insect midgut factor:
isolation, localization, and stimulation of alpha-amylase activity
and gut contraction. Endocrinology 145:5671-5678

Schoofs L, Holman GM, Peamen L, Veelaert D, Amelinck M, De Loof
A (1993) Isolation, identification and synthesis of
PDVDHVFLRFamide (SchistoFLRFamide) in Locusta migra-
toria and its association with the male accessory glands, the sali-
vary glands, the head and the oviduct. Peptides 14:409—421

Schoofs L, Clynen E, Cerstiaens A, Baggerman G, Wei Z, Vercammen
T, Nachman R, De Loof A, Tanaka S (2001) Newly discovered
functions for some myotrpic neuropeptides in locust. Peptides
22:219-227

Skonieczna M, Rosinski G (2004) Cardioactive effects of FMRFa-
mide-related peptides in beetles, Tenebrio molitor and Zophobas
atratus. Pesticides 3-4:33-39

Stangier J, Hilbich C, Beyreuther K, Keller R (1987) Unusual cardio-
active peptide (CCAP) from pericardial organs of the shore crab
Carcinus maens. Proc Natl Acad Sci USA 84:575-579

Stangier J, Hilbich C, Keller R (1989) Occurance of crustacean cardi-
oactive peptide (CCAP) in the nervous system of an insect, Locu-
sta migratoria. J Comp Physiol 159:5-11

Tublitz N (1989) Insect cardioactive peptides. Neurohormonal regula-
tion of cardiac activity by two cardioacceleratory peptides during
flight in the tobacco hawkmoth, Manduca sexta. J Exp Biol
142:31-48

Tublitz N, Alen AT, Cheung CC, Edwards KK, Kimble DP, Loi PK,
Sylwester AW (1992) Insect cardioactive peptides: regulation of
hindgut activity by cardioacceleratory peptide 2 (CAP 2) during
wandering behaviour in Manduca sexta. J Exp Biol 165:241-264

Ullmann SL (1973) Oogenesis in Tenebrio molitor: histological and
autoradiographical observations on pupal and adult ovaries. J Em-
bryol Exp Morphol 30:179-217

Veelaert D, Passier P, Devreese B, Vanden Broeck J, Van Beeumen J,
Vullings HGB, Diederen JHB, Schoofs L, De Loof A (1997) Iso-
lation and characterization of an adipokinetic hormone release-
inducing factor in locust: the crustacean cardioactive peptide.
Endocrinology 138:138-142

Veelaert D, Schoofs L, De Loof A (1998) Peptidergic control of the
corpus cardiacum—corpora allata complex of locust. Int Rev Cy-
tol 182:249-302


http://dx.doi.org/10.1111/j.1365-3032.2008.00625.x
http://dx.doi.org/10.1111/j.1365-3032.2008.00625.x

J Comp Physiol B (2008) 178:877-885 885

Vullings HGB, Diederen JHB, Veelaert D, Van der Horst DJ (1999) Weaver RJ, Audsley N (2008) Neuropeptides of the beetle, Tenebrio
Multifactorial control of the release of hormones from the locust molitor identified using MALDI-TOF mass spectrometry and de-
retrocerebral complex. Microsc Res Tech 45:142-153 duced sequences from the Tribolium castaneum genome. Peptides

Wang Z, Orchard I, Lange A, Chen X, Starratt AN (1995) A single 29(2):168-178
receptor transduces both inhibitory and stimulatory signals of
FMRFamide-related peptides. Peptides 16:1181-1186

@ Springer



	Pleiotropic eVects of the neuropeptides CCAP and myosuppressin in the beetle, Tenebrio molitor L.
	Abstract
	Introduction
	Materials and methods
	Insects
	Synthetic hormones
	Injections
	Hemolymph protein analysis
	Heartbeat bioassay
	Carbohydrate bioassay
	Polyacrylamide gel electrophoresis (PAGE)

	Results
	Myotropic activity of Lem-MS and CCAP
	EVect of CCAP and Lem-MS on hemolymph proteins
	EVect of CCAP and Lem-MS on free hemolymph carbohydrates

	Discussion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


