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Abstract

Six pyrokinins, members of a widely distributed neuropeptide family in insects (FXPRLamides), have been identified from the
American cockroach. Five of these peptides, Pea-PK-1–5, were tested in different myotropic bioassays, including hyperneural
muscle, hindgut, foregut and oviduct. Among these muscles, the hyperneural muscle exhibited the highest sensitivity to pyrokinin
applications. The efficacy of the different pyrokinins differed dramatically. No muscle specific effectiveness was obtained; the
ranking order in all muscle assays was as follows: PK-1.PK-4.PK-3.PK-2.PK-5. Testing of synthetic analogs revealed the
importance of the amino acid at the variable -4 position of the C-terminus. PK-5, the only one of the five tested peptides which
is stored in abdominal perisympathetic organs, has probably no myotropic function at all. This is further evidence that these neu-
rohemal release sites are not necessary to compensate the open circulatory system of insects but have rather specific functions
which are totally unknown as yet. 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Pyrokinins are members of a widely distributed neuro-
peptide superfamily with a common C-terminus
(FXPRLamides). Historically, the name pyrokinin orig-
inates from the blocked N-terminus (pyroglutamate) of
the first identified member of this peptide family
(Holman et al., 1986). Pyroglutamate, however, is not
essential for bioactivity (Nachman et al., 1986), and,
subsequently, a number of non-blocked pyrokinins have
been isolated from hemimetabolous insects on the basis
of their ability to stimulate visceral muscle activity
(Schoofs et al., 1993; Predel et al., 1997a; Predel et al.,
1999a; Veelaert et al., 1997). Other FXPRLamides were
described with various names from Lepidoptera, includ-
ing Pheromone Biosynthesis Activating Neuropeptides
(PBAN; Raina, 1993), Diapause Hormone (Imai et al.,
1991) and Melanization and Reddish Coloration Hor-
mone (MRCH; Matsumotu et al., 1992). It is not yet
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clear, if all FXPRLamides share a common phylogenetic
origin but pharmacological cross-reactivity has been
observed (Abernathy et al., 1995; Fonagy et al., 1992;
Kuniyoshi et al., 1992; Nachman et al., 1993).

Six pyrokinins have been isolated from neurohemal
release sites of the American cockroach,Periplaneta
americana (Table 1). Five of these peptides, namely
pyrokinin 1–4 and pyrokinin-6 (Pea-PK-6) are abundant
neuropeptides in the retrocerebral complex, concentrated
in and around the corpora allata (Predel and Eckert,
2000). They are produced in cells located in the subeso-
phageal ganglion and tritocerebrum, and reach the
corpora cardiaca/allata via the nervi corporis cardiaci-1,
nervi corporis cardiaci-3, and nervi corporis allati-2
(Predel and Eckert, 2000). Another set of pyrokinins,
Pea-PK-5 and -6, was found to be stored in the abdomi-
nal perisympathetic organs. These segmentally reiterated
neurohemal organs are the major neurohemal release
sites of neurohormones which are produced in the
abdominal ventral nerve cord. Within these organs Pea-
PK-5 belongs to the most abundant neuropeptides
(Predel and Eckert, 2000).

All pyrokinins of the American cockroach (with the
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Table 1
Amino acid sequences of pyrokinins (FXPRLamides) fromP. americana

peptide name Sequence Reference

Pea-PK-1 HTAGFIPRL-NH2 Predel et al., 1997a
Pea-PK-2 SPPFAPRL-NH2 Predel et al., 1997a
Pea-PK-3 LVPFRPRL-NH2 Predel et al., 1999a
Pea-PK-4 DHLPHDVYSPRL-NH2 Predel et al., 1999a
Pea-PK-5 GGGGSGETSGMWFGPRL-NH2 Predel et al., 1999a
Pea-PK-6 SESEVPGMWFGPRL-NH2 Predel and Eckert, 2000

exception of Pea-PK-6 which was not tested in this
study) have been isolated using the hyperneural muscle
(HNM) as bioassay during the isolation procedures
(Predel et al., 1997a; Predel et al., 1999a). In the course
of these studies, it became clear that the efficacy of the
different pyrokinins to stimulate the HNM contractions
differs greatly. In the present study, we tested Pea-PK-1–
5 on four different visceral muscles, namely the foregut,
hindgut, oviduct and hyperneural muscle. To make the
dose–response curves comparable, perfusion chambers
which allow multiple applications were used throughout
the experiments. It was already known from earlier
experiments that pyrokinins can, to a certain degree,
stimulate contractions of foregut, hindgut and oviduct
(Wagner and Cook, 1993). The present study focused
mainly on two questions. Firstly, does any correlation
exist between the differential distribution of pyrokinins
in neurohemal organs of the American cockroach and
the stimulation of visceral muscle activity? In theory,
Pea-PK-5 is the first candidate for regulating visceral
muscle activity in the abdomen; simply, because it seems
appropriate for the regulation of visceral muscles in
insects to release neurohormones from neurohemal
organs in the abdomen where most of these muscles
occur. Secondly, the strongly differing bioactivities
between PK-1 and -2 which are both stored in the retro-
cerebral complex, have been investigated by using a syn-
thetic analog in which the amino acid (Ile) at -4 position
of the C-terminus of PK-1 was replaced with that of Pea-
PK-2 (Ala). Additionally, Pea-PK-1 analogs, with substi-
tuted amino acids at the N-terminus, were tested in
bioassays.

2. Materials and methods

2.1. Insects

Cockroaches were reared under a 12-h light, 12-h dark
photoperiod at a constant temperature of 28°C. Only
adult insects, 4–6 weeks after their last molt, were used
throughout the experiments. They were fed rat food pel-
lets and were allowed free access to water.

2.2. Peptides

Synthesis of Pea-PK-1–5 has been described in Predel
et al. (1997a, 1999). Synthetic analogs of Pea-PK-1 were
synthesized via FMOC-chemistry. After cleavage from
the resin, peptides were purified by reversed-phase
HPLC, and their identity was shown by mass analysis.
Aliquots of all peptides were quantified by amino acid
analysis, and subsequently, different amounts of each
peptide were subjected to HPLC-analysis. Using these
HPLC-data, the amount of different pyrokinins used in
our bioassays were controlled after each series of experi-
ments, respectively. Stock solutions (100µM) of the
peptides were kept up to 1 week at220°C in
methanol/water. Immediately before application the
desired dilutions were prepared from these stock sol-
utions.

2.3. Bioassays

2.3.1. Hyperneural muscle (HNM)
To dissect the HNM, the abdominal sternites 3–8 of

adult males were removed. The anterior end of the mus-
cle is attached to the second abdominal sternite and its
posterior end to the 9th (the subgenital plate). The mus-
cle was removed along with these two sclerites, and
thereafter, the attached ventral nerve cord was separated
(denervated preparation). The isolated HNM was fixed
in a vertical chamber, containing 200µl saline, and con-
tinuously rinsed from below (100µl/min). The insect
saline (pH 7.25) contained NaCl (8.19 g/l), KCl (0.37
g/l), CaCl2 (0.56 g/l), MgCl2·6H2O (0.2 g/l), glucose (0.9
g/l) and HEPES (2.4 g/l), and was adjusted to pH 7.2.

Contractions were recorded photoelectrically by an
isotonic transducer (tension was adjusted to 0.5 mN).
After a relaxation period of about 30 min the length of
the HNM remained constant, typically these preparations
did not show any phasic contractions. Peptide solutions
were added into saline before the saline entered the test
chamber. Each muscle preparation was used for multiple
applications (4 min each), starting with lower concen-
trations. At the end of each test series, proctolin (1028

M) was added.
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2.3.2. Foregut, hindgut, and oviduct
Isolated muscles were fixed in a 2 ml glass chamber

which was continuously aerated. In these experiments,
peptide solutions (20µl) were added to the bath (dilution
1:100), and the preparations were rinsed between the
applications only, which lasted about 8 min. Contrac-
tions were recorded as described above for the HNM.
The force acting on the different muscles was 1 mN for
oviduct and foregut, and 2.0 mN for the proctodeum.

3. Results

3.1. Hyperneural muscle

In contrast to other visceral muscles which we used
in this study, the isolated HNM showed no phasic
activity prior to application, hence only tonic responses
had to be quantified for dose–response curves.

Under the constant conditions which were used
throughout the experiments, the standard error was low.
The dose–response characteristics of Pea-PK-1–5 are
summarized in Fig. 1. All peptides elicited muscle con-
tractions, which were usually accompanied by phasic
behavior (Fig. 2). In most cases, muscles relaxed fast
after the peptides were rinsed out, and no remarkable
desensitization could be detected. PK-1 was found to be
the most effective isoform, with a threshold concen-
tration of about 3×10211 M (Fig. 1a). Higher doses up
to 1029 M normally produced only a moderate increase
of contraction length. Then, the dose–response curve
rose steeply, and, at a concentration of about 1028 M
the muscle was nearly maximally contracted. A similar
dose–response relationship was obtained when testing
Pea-PK-4 (Fig. 1d), although this peptide was slightly
less effective (half-maximal response at about 1028 M).
Application of Pea-PK-2,-3, and -5, however, did not
result in low level activity over a wide concentration
range which was typical for low concentrations of Pea-
PK-1 and -4. Efficacy of these peptides decreased in the
sequence Pea-PK-3.Pea-PK-2.Pea-PK-5. As depicted
in Fig. 1A–E, dose–response curves of the pyrokinins
differed dramatically. The least effective isoform, PK-5,
had a threshold value in these tests about ten thousand-
fold higher than that of PK-1.

It was already shown after the isolation and identifi-
cation of Pea-PK-1 and -2 (Predel et al., 1997a) that both
peptides show very different bioactivities, although only
threshold concentrations in muscle bioassays were
determined. The main reason for different bioactivities
was thought to be the variable X-position of the pyrokin-
ins (FXPRLamides) which is filled with isoleucine and
alanine in Pea-PK-1 and Pea-PK-2, respectively. To con-
firm this assumption, we synthesized a peptide in which
isoleucine at -4 position of the C-terminus of PK-1 was
replaced with that of Pea-PK-2 (alanine). Additionally,

PK-1 analogs with N-terminal amino acid replacements
were synthesized and tested. Replacement of isoleucine
with alanine at the -4 position of the C-terminus caused
a dramatic decrease in myoactivity (Fig. 3), the resulting
efficacy was even lower than that of PK-2. Replacement
of the N-terminal histidine with alanine also led to a
decrease of myoactivity (Fig. 3), although to a much
lower degree. An analog of Pea-PK-1 with proline at
position 3/4 of the N-terminus in place of alanine and
glycine, however, was found to exhibit even greater
activity than the parent peptide (Fig. 3).

3.2. Hindgut, foregut, and oviduct

Under conditions of permanent rinsing with saline all
three muscles exhibited a certain decrease of activity
during the experimental time. For that reason, we
changed the experimental conditions and muscles were
rinsed between the applications only. This increased
phasic activity and kept the muscles sensitive for a
longer time. Threshold values (concentrations required
to produce a visible change in frequency and/or
amplitude) for PK-1–5 and proctolin are summarized in
Table 2. In contrast to the results observed on the iso-
lated HNM preparations, the maximal response of these
muscles to pyrokinin concentrations as high as 1026 M
were always substantially lower than that after appli-
cation of 1028 M proctolin. In detail, the maximum tonic
responses of isolated foreguts, hindguts, and oviducts to
pyrokinin applications did normally not exceed 30%,
40%, and 30% of the response of the same muscle prep-
arations to 1028 M proctolin, respectively, although
exceptions were found (Fig. 4). As was the case in the
HNM bioassay, different pyrokinin-forms exhibited
clearly distinguishable efficacy in foregut, hindgut and
oviduct bioassays. The sequence of decreasing myoac-
tivity was the same as described above for the HNM
(Pea-PK-1.Pea-PK-4.Pea-PK-3.Pea-PK-2.Pea-PK-
5).

4. Discussion

Data obtained in this study showed dramatic differ-
ences regarding the myostimulatory properties of the dif-
ferent pyrokinins of the American cockroach. These dif-
ferences increased when muscles with a higher
sensitivity to pyrokinins were used. The order of efficacy
of the pyrokinins in the different muscle assays, how-
ever, always remained the same. Thus, no muscle-spe-

Fig. 1. Dose–response curves for the effects of Pea-PK-1–5 on the
isolated HNM preparation. Application of proctolin (1028 M) at the
end of each test series was used as standard. Each point represents the
mean±SEM of 12 preparations.
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Fig. 2. Response of a hyperneural muscle preparation to different concentrations of synthetic Pea-PK-1 (HTAGFIPRL-NH2). The initial tonic
contraction was followed by a period of phasic behavior which stopped immediately once the peptide has been rinsed out. Using the same muscle
preparation, the dramatic effect of replacing Ile with Ala (synthetic analog HTAGFAPRL-NH2: A) is illustrated. The preparation was continuously
rinsed with saline, the application of each peptide lasted about 5 min.

Fig. 3. Dose–response curves for the effects of synthetic analogs of
Pea-PK-1 on the isolated hyperneural muscle preparation. Application
of proctolin (1028 M) at the end of each test series was used as stan-
dard. Each point represents the mean±SEM of 14 preparations.

Table 2
Threshold concentrations of the synthetic Pea-PK-1-5 inPeriplaneta
assays

Peptide Threshold concentration (X±SD, n=6)

Oviduct Hindgut Foregut

Pea-PK-1 2.2±0.4×1029 M 1.5±0.7×1029 M 2.2±0.6×1029 M
Pea-PK 2 1.4±0.3×1027 M 2.3±0.3×1028 M 6.0±0.9×1027 M
Pea-PK-3 6.3±2.8×1028 M 1.7±0.7×1028 M 3.0±1.1×1027 M
Pea-PK-4 8.8±3.4×1029 M 3.5±0.7×1029 M 1.4±0.7×1028 M
Pea-PK-5 2.7±0.7×1027 M 7.7±1.5×1028 M 7.0±1.2×1027 M
Proctolin 1.5±0.2×10210 M 6.7±2.0×10210 M 2.3±0.3×10210 M

cific actions of the different isoforms have been
obtained. The muscle with the highest sensitivity to
pyrokinins was the HNM, which was chosen for more
extensive experiments resulting in dose–response curves
for all tested pyrokinins. This muscle, which is obviously
derived from the ventral diaphragm in insects, was first
described by Engelmann (1963) for the cockroachLeuc-
ophaea maderae, and has been demonstrated as a com-
mon structure in Blattaria (Predel et al., 1994). Penzlin
(1994) described an antagonistic control of the HNM via
the abdominal transverse nerves, with octopamine and
proctolin most likely responsible for relaxation and con-
traction, respectively. Abdominal perisympathetic
organs, which contain large amounts of PK-5, are
located at the origin of the above mentioned transverse
nerves. A possible release of Pea-PK-5 from these neu-
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Fig. 4. Parallel recording of two foregut preparations ofP. americana, illustrating the variation in the sensitivity to pyrokinin applications. Proctolin
(1028 M) always produced stronger effects than any of the pyrokinins. The application of each peptide lasted about 8 min, preparations were rinsed
only between the applications. A: HTAGFAPRL-NH2.

rohemal organs could affect this muscle first, where the
peptide would be fairly highly concentrated. Addition-
ally, the HNM is innervated with Pea-PK-5 like immu-
noreactive material via the transverse nerves (Manfred
Eckert, pers. comm.). In this context, it is surprising that
PK-5 had the lowest efficacy among the five tested iso-
forms in the HNM bioassay. The results lead to the
assumption that PK-5 fulfils no myoactive function in
the tested visceral muscles. It also seems clear that per-
isympathetic organs certainly do not compensate for the
open circulatory system in insects: all myotropic neuro-
peptide families from the retrocerebral complex which
are known to influence activity of visceral muscles (in-
situ) do not occur in (abdominal) perisympathetic
organs; with the exception of pyrokinins, which store
their least myoactive isoform in these neurohemal
organs. From the current knowledge we can only sum-
marize that perisympathetic organs contain a very spe-
cific neuropeptide pattern but the role of these peptides
remains unclear.

The very different myostimulatory properties of the
five pyrokinins are unique among cockroach myotropins.
Different members of other known peptide families of

cockroaches — kinins, sulfakinins, tachykinins — show
a more uniform efficacy (Cook et al., 1989; Predel et
al., 1997a,b; Predel et al., 1999b; Na¨ssel et al., 1998).
The pyrokinins of the American cockroach have large
differences in the size and sequence of the N-terminal
extensions which may strongly influence bioactivity.
Substitutions at the X-position of the fragment FXPRLa-
mide are, however, also responsible for the degree of
effectiveness in the muscle bioassays as it was shown
for the highly effective Pea-PK-1. A replacement of Ile
with the flexible Ala at the X-position of Pea-PK-1
resulted in a very low potency, typical of Pea-PK-2.
Replacements at the N-terminus also influenced, to a
lesser degree, bioactivity. Again, Ala was responsible for
decreasing efficacy when this amino acid replaced the
N-terminal His of Pea-PK-1. When Ala–Gly of Pea-PK-
1 (amino acids 3/4) were replaced by Pro–Pro, however,
an analog with even greater activity than the parent pep-
tide was found.

In summary, our results show extremely differing
myoactive properties of members of a single neuropep-
tide family. The physiological importance of these differ-
ences is unknown and awaits further study.



293R. Predel, R.J. Nachman / Journal of Insect Physiology 47 (2001) 287–293

Acknowledgements

We thank Mrs. Erika Krause (Jena) for competent
technical help. R. Predel was supported with a grant
from Deutsche Forschungsgemeinschaft (Predel 595/1-
1).

References

Abernathy, R.L., Nachman, R.J., Teal, P.E.A., Yamashita, O., Tumlin-
son, J.H., 1995. Pheromonotropic activity of naturally occuring
pyrokinin insect neuropeptides (FXPRLamide) inHelicoverpa zea.
Peptides 16, 215–219.

Cook, B.J., Holman, G.M., Wagner, R.M., Nachman, R.J., 1989. Phar-
macological actions of a new class of neuropeptides, the leucokin-
ins I-IV, on the visceral muscles ofLeucophaea maderae. Com-
parative Biochemistry and Physiology C 93, 257–262.

Engelmann, F., 1963. Die Innervation der Genital- und Postgenitalseg-
mente bei Weibchen der SchabeLeucophaea maderae. Zoologische
Jahrbu¨cher Abteilung Anatomie 81, 1–16.

Fonagy, A., Schoofs, L., Matsumotu, S., De Loof, A., Mitsui, T., 1992.
Functional cross-reactivities of some locustamyotropins andBom-
byx pheromone biosynthesis activating neuropeptide. Journal of
Insect Physiology 38, 651–657.

Holman, G.M., Cook, B.J., Nachman, R.J., 1986. Primary structure
and synthesis of a blocked myotropic neuropeptide isolated from
the cockroach,Leucophaea maderae. Comparative Biochemistry
and Physiology 85C, 219–224.

Imai, K., Konno, T., Nakazawa, Y., Komiya, T., Isobe, M., Koga, K.,
Goto, T., Yaginuma, T., Sakakibara, K., Hasegawa, K., Yamashita,
O., 1991. Isolation and structure of diapause hormone of the silk-
worm, Bombyx mori. Proceedings of the Japanese Academy 67B,
98–101.

Kuniyoshi, H., Nagasawa, R.A., Suzuki, A., Nachman, R.J., Holman,
G.M., 1992. Cross-activity between pheromone biosynthesis activ-
ating neuropeptide (PBAN) and myotropic pyrokinin insect pep-
tides? Bioscience, Biotechnology and Biochemistry 56, 167–168.

Matsumotu, S., Yamashita, O., Fonagy, A., Kurihara, M., Uchiumi,
K., Nagamine, T., Mitsui, T., 1992. Functional diversity of a phero-
monotropic neuropeptide: induction of cuticular melanization and
embryonic diapause in lepidopteran insects byPseudaletiaphero-
monotropin. Journal of Insect Physiology 38, 847–851.

Nachman, R.J., Holman, G.M., Cook, B.J., 1986. Active fragments
and analogs of the insect neuropeptide leucopyrokinin: structure–
function studies. Biochemical and Biophysical Research Communi-
cations 137, 936–942.

Nachman, R.J., Holman, G.M., Schoofs, L., Yamashita, O., 1993. Silk-
worm diapause induction of myotropic pyrokinin (FXPRLamide)
insect neuropeptides. Peptides 14, 1043–1048.
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