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Summary

In the isopod ldotea emarginata the neuropeptide phosphorylation of this protein was significantly
proctolin is contained in a single pair of motoneurones increased by treating the fibres with proctolin. After
located in pereion ganglion 4. The two neurones supply separation of myofibrillar filaments, a 30 kDa protein was
dorsal extensor muscle fibres of all segments. Proctolin found only in the thin filament fraction. This protein is
(Lumol 1Y) potentiates the amplitude of contractures of phosphorylated and detected by an antiserum against
single extensor muscle fibres elicited by 10mmofi  crustacean troponin I.
caffeine. In western blots of myofibrillar proteins isolated
from single muscle fibres and treated with an anti-
phosphoserine antibody, a protein with an apparent Key words: Idotea emarginata nervous system, motoneurone,
molecular mass of 30kDa was consistently found. The modulation, actin, myosin, troponin I, contraction, caffeine.

Introduction

The penta-peptide proctolin (amino acid sequence RYLPTDowner, 1992; Wilcox and Lange, 1995) by increasing the open
was initially isolated from the hindgut of the cockroachprobability of voltage-sensitive sarcolemmal 2Cahannels
Periplaneta americangBrown and Starrat, 1975) and was (Bishop et al., 1991a; Erxleben and deSantis, 1998). The pre-
subsequently localised in nervous systems of a number ahd postsynaptic effects of proctolin add synergistically to
arthropods. In insects and crustaceans, it is contained withpotentiate contractions of muscle fibres (for summary of the
identified neurones as a cotransmitter being released in tikembined effects in muscle fibres of the isopluthtea
central nervous system, at neuromuscular synapses and fremarginataandldotea baltica see Rathmayer et al., 2001).
neurohaemal organs (O’Shea, 1985; Siwicki et al., 1987; There is some indication that the effects of proctolin on
Orchard et al., 1989). Proctolin causes graded contractures sdrcolemmal ion channels may be mediated by protein
some visceral and skeletal muscles in insects and crustacegm®sphorylation via a cAMP signalling pathway: activators or
(Schwarz et al.,, 1980; Orchard et al., 1989; Baines anithhibitors of this pathway mimic or inhibit the effects of
Downer, 1992). It also potentiates contractions of skeletal quroctolin, respectively (Evans, 1984; Bishop et al., 1991a;
visceral muscles either when produced myogenically (EvanSrxleben et al., 1995; Erxleben and deSantis, 1998). In some
and Myers, 1986; Lange et al., 1986), or upon activity ofmuscles, however, proctolin increases inositol trisphosphate
motoneurones or upon depolarisation by highdf current (InsP3) and may activate protein kinase C becausBslasd
(Orchard et al., 1989; Baines and Downer, 1992; Belanger amqghorbol esters mimic the potentiating effect of proctolin on
Orchard, 1993; Erxleben et al., 1995; Facciponte et al., 1996pntractions (Baines and Downer, 1992; Lange and Nykamp,
Jorge-Rivera et al., 1998). 1996; Wegener and Nassel, 2000). The action of proctolin on

The mechanisms underlying the potentiations involve botlsarcolemmal ion channels with different ion selectivity, the
pre- and postsynaptic actions. Presynaptically, proctolin cavariety of possible signalling pathways and the finding that
increase transmitter output at some neuromuscular endingsultiple proctolin receptor subtypes exist in insect visceral
(Belanger and Orchard, 1993; Pasztor and Golas, 1998juscles (Baines et al.,, 1996; Mazzocco-Manneval et al.,
Rathmayer et al., 2001). Postsynaptically, proctolin closes nor998) suggest that additional intracellular targets could be
voltage-dependent*channels (Erxleben et al., 1995; Baines etinvolved in mediating the proctolin-induced potentiation of
al., 1996; Walther et al., 1998) resulting in an increase of inpuwtontractions. Since it is now widely accepted that muscle
resistance and time constant of the muscle membrane and tlasstractions are modulated by reversible phosphorylation of
in stronger summation of excitatory junctional potentials. It alsdarget proteins in the sarcolemma, sarcoplasmic reticulum (SR)
stimulates an influx of G4 into muscle fibres (Baines and and myofilaments, for example, myosin light chains (Barany



2628 B. BRUSTLE AND OTHERS

and Béarany, 1980; Horowitz et al., 1996, for review), wel:20,000 in blocking solution, was continued for 48h. The
studied the effect of proctolin on phosphorylation ofantiserum was a kind gift from H.-J. Agricola (University of
myofibrillar proteins in a crustacean. Jena) and was previously used for crayfish (Utting et al., 2000).
The marine isopod. emarginatahas the advantage that After washing for 2.5h, the biotinylated anti-rabbit secondary
several neuropeptides can be localised in identifie@ntibody (ABC kit, Vector Laboratories, Burlingame, CA,
motoneurones (Kreissl et al., 1999; Rathmayer et al., 2001) atdSA) was applied at a dilution of 1:1,000 in blocking solution
the effect of modulators on isolated membrane currents undewvernight. After three washing cycles in washing buffer
voltage-clamp conditions and the effects on contractions camithout sodium azide, 2h each, the horseradish peroxidase-
be analysed in single identified muscle fibres (Erxleben et alcontaining ABC-complex (each compound diluted 1:500 in
1995; Kreissl et al., 1999; Rathmayer et al., 2001). In thevashing buffer) was allowed to bind for 12h. Colour
present study we show that proctolin also potentiates muscteevelopment was obtained with 0.001% diaminobenzidine
contractures elicited by caffeine, which is known to induceand 0.002% ammonium nickel sulphate (Fluka, Buchs,
Ca&* release from internal stores via activation of theSwitzerland) in 10 mmoft Sorensen’s phosphate buffer (pH
ryanodine-sensitive €& channel of the SR of crustacean 7.6) and in the presence of 0.0001 %0k Omitting the anti-
muscles (Lea, 1996; Zhang et al., 1999). By studyingroctolin serum and preincubating the primary serum with
phosphorylation of myofibrillar proteins we show that10umol I"1 proctolin resulted in no staining. Backfills of
proctolin induces phosphorylation of an intramuscular 30 kDanotoneurones with Lucifer Yellow and immunofluorescent
protein. After separation of myofilaments, a 30kDa proteidabelling were performed as described previously (Kreissl
was found only in the thin filament fraction. This protein iset al., 1999). Conventional micrographs were taken using
phosphorylated and detected by an antiserum against lobsggifluorescence with the appropriate filter combinations. To
troponin k. We also show that proctolin immunoreactivity is merge images of double-stained tissue, the micrographs were
associated with extensor muscle fibred.oémarginataand  digitised and modified only to enhance contrast using Adobe
identify two single motoneurones as the centre of origin of thi®hotoshop.
peptidergic innervation.
Contraction measurements
) Isometric contraction measurements were performed at
Materials and methods 18 °C with the short extensor fibres 1 and 2 of pereion segment
Animals and saline 7 as described previously (Erxleben et al., 1995; Kreiss| et al.,
All experiments were performed on adult maleddaftea  1999). Contractions were evoked by application of 10 mnhol |
emarginataFabricius 1798 raised in the animal facility of the caffeine (Sigma, Deisenhofen, Germany) in saline. After each
University of Konstanz. caffeine contracture, the fibres were kept for 20 min in saline
For all experiments, the saline had a composition of (io allow C&* reloading into the SR. Before each proctolin
mmolI1): 490 NaCl, 8 KCI, 10 Cagl 12 MgCh, 10 Hepes. application, at least three control measurements were taken.
Proctolin (Sigma, Deisenhofen, Germany) was dissolved i@nly preparations with an equal peak amplitude of caffeine
distilled water at a concentration of 1 mndlISamples of the contractures were used. When caffeine contractures in the
stock solution were stored 820 °C and diluted in saline prior presence of proctolin were performed, the muscles were
to experiments. incubated in proctolin (wmoll~1) for 25min before the
addition of caffeine.
Preparation and protocols for immunocytochemistry
Anatomy and preparation of the dorsal extensor muscles Preparation of dorsal extensor fibres for biochemistry
have been described previously (Kreissl et al., 1999). For biochemical investigations the animals were chilled and
Specimens were fixed in 4% paraformaldehyde, 0.5%he sternites of the pereion, with attached flexor muscles, and
glutaraldehyde in 100 mmofi Tris (pH 7.4) for 3h at room the ventral nerve cord were cut away. The gut, the tubes of the
temperature (approximately 22°C) and washed in salinadigestive gland, the gonads with the vasa deferentia and the
substituted Tris buffer (SST: 160 mmolINaCl, 50 mmoltl  heart were removed. After exposure of the extensor muscle
Tris, pH 7.6) with 0.1% Triton X-100 (TRX; washing buffer) fibres, saline was replaced for 15 min with fresh saline at 18 °C,
with a last wash continued overnight. The preparation wahich contained either mol I~ proctolin in tests or no
enzymatically permeabilised for 20min with 0.5mg proctolin in controls. Subsequently, the preparation was cooled
collagenase, 0.5 mg hyaluronidase in 1 ml 10 mmdTtis (pH  on ice and the long fibres 5 (for nomenclature and anatomy,
7.4), and extensively rinsed in washing buffer for 6 h. Nonsee Kreissl et al., 1999) were dissected and immediately frozen
specific binding of the primary antiserum was blocked byand stored in liquid nitrogen.
preincubation in blocking solution (SST, 0.1% TRX, 0.5%
BSA) for 1h and microbial contamination of the specimens SDS electrophoresis
was prevented by adding 0.02% sodium azide (Fluka, Buchs, Fibres of the controls and tests were pooled in separate
Switzerland) to incubation and washing solutions. Incubatiogroups. The fibres were homogenised for 20 min in ice-cold
of the specimens in the polyclonal anti-proctolin serum, dilute@xtraction buffer (inmmoft: 100 NaP.O7, 2.5 EDTA, 15
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MgCl, 1 Pefabloc, 5 DTT; modified according to Martinez etin cold extraction buffer (in mmof}: 100 NaP.O7, 2.5

al., 1990). Ten fibres homogenised in #t@xtraction buffer, EDTA, 15 MgCh, 1 Pefabloc, 5 DTT; modified according to
yielded a protein concentration of 3-4mghl After  the protocol of Martinez et al., 1990). To obtain the myosin
homogenisation, the homogenate was centrifuged for 4 min &ght chains, the ethanol was removed from the supernatant
1200g to remove insoluble material. The supernatant wasvith a rotary evaporator at room temperature, and guanidine-
analysed for protein content (Bradford, 1976). The proteitHCl was removed by dialysis against 25 mmbITris-HCI,
concentration of different samples on each gel was kegtH 8.0, 0.5mmol! DTT.

identical in order to enable comparisons between the samples.Proteins of the thin filament were prepared following the
The supernatant of the homogenate was mixed with extractiggrocedure for crayfish abdominal muscle (Watanabe et al.,
buffer to obtain the desired protein concentration. Sampl&982). The fibres were homogenised in 50 mmoKCl,
buffer (60 mmolt! Tris, 10 % glycerol, 5% SDS, 400mmotl 1 mmolr? MgCly, 6.7mmolf! sodium phosphate buffer,
2-mercaptoethanesulfonic acid (MESNA), 0.04 %100umol I'LEDTA, 5mmol F1 ATP (pH 6.0). The extract was
Bromophenol Blue; pH 6.8) was added in a ratio of 1:1. Ircentrifuged at 85008 for 20min and the supernatant was
addition, 100 mmoH! Pefabloc and 490 mmofi DTT were  further centrifuged at 1050@0 for 2h. The pellet was
added in a ratio of 1:100. To solubilize proteins, samples wersuspended in 50 mmofiKCI, 1 mmol F1MgClz, 100umol I-1
heated to 100°C for 10min. Prior to electrophoresis, th€aChk, 500umol 1 DTT, 10 mmol 1 Tris (pH 6.8).

samples were centrifuged for 3min at 1800

SDS-gel electrophoresis was performed using 15% Immunoblotting
polyacrylamide gels. For each sample, aboyi0f protein After electrophoresis, proteins were transferred to
were electrophoretically separated. Electrophoresis was run mitrocellulose membranes (NC membranes) using a Trans-Blot
a Mini-Protean Il chamber (Bio-Rad, Minchen, Germany) aBD Semi-Dry Transfer Cell (1h at room temperature,
180V and at room temperature. Gels were silver stained.8 mAcnt% Bio-Rad, Minchen, Germany). The NC
(Heukeshoven and Dernick, 1988). membrane was equilibrated for 5min in Tris-saline-Tween

(TST: 100 mmolt! Tris, pH 7.6, 0.9% NacCl, 0.01% Tween
Preparation of actomyosin, myosin and thin filaments  20) and then kept in blocking buffer for 2 h.

The preparation of actomyosin is a variant of the technique For blots probed with the anti-phosphoserine antibody, a
of Offer et al. (Offer et al., 1973). 25 identified muscle fibreslocking buffer with 0.5% bovine serum albumin (BSA), 1%
(fibre 5) were transferred after dissection into doSlightly  polyvinyl-pyrrolidone (PVP), 1% polyethylene glycol (PEG
modified Guba—Straub solution (in mmdtl 300 NaCl, 100 3500), 0.2% Tween 20, 10mmotl NaF in phosphate-
NaHPQ4, 50 NaHPQ4, 1 MgCh, 10 NaP2O7, 10 EDTA, 15  buffered saline (PBS: 1.9mmot NaHPQs, 8.1 mmolf?
NaNs, 100 MESNA); 121l Pefabloc (100 mmotf) was added NagHPQu, 154 mmolfl NaCl, pH 7.4) was used. After
and the fibres were homogenised for 15min on ice. Theemoval of the blocking buffer, the NC membrane was
extraction was continued by vigorous stirring for 90 min atincubated overnight at room temperature in blocking buffer
4°C. The muscle homogenate was then centrifuged at I 00@ontaining Jug mI~! anti-phosphoserine monoclonal antibody
for 10min. The supernatant fluid was removed and 4ml ofclone 4A3; Biomol, Hamburg, Germany). The NC membrane
1mmol1 EDTA, 100 mmoltl MESNA were added to the was then washed for 1 h with TST and incubated for 90 min at
supernatant. The proteins were allowed to precipitate at 4 °@om temperature in biotinylated anti-mouse immunoglobulin
for 1h. Following precipitation, the homogenate wasM diluted in blocking buffer (1:500). The NC membrane was
centrifuged again for 10min at 15090 the pellet was washed again for 1h with TST and treated with an
dissolved in 50Q1 100 mmol I NasP2O7, 4 mmol 1 EDTA, avidin—biotin—horseradish peroxidase complex (ABC Kkit,
3mmol 1 DTT, 12mmoltl ATP and gently stirred for 1h Vector Laboratories, Burlingame, CA, USA) diluted in TST
at 4°C. Following centrifugation for 2h at 1050§0the (1:500). Subsequently, the NC membrane was washed with
supernatant, which contained actomyosin, was prepared fdiris-saline for 1 h, incubated with a developing solution (ECL,
SDS gel electrophoresis as described above. Pierce, Rockford, IL, USA) for 5min and placed against

Myosin and myosin light chains were isolated according t@utoradiographic film for exposure. The densitometric
the method of Kendrick-Jones et al., for invertebrate musclevaluation of the phosphorylated bands was carried out
fibres, with slight modifications (Kendrick-Jones et al., 1976)according to the BIOMETRA evaluation-technique allowing
50 fibres (fibre 5) were homogenised in EOGmoll™2  the determination of the extinction of a fixed area. This area
guanidine-HCI, 5mmoft DTT, 2mmolfl EDTA, was constant for all the evaluated proteins. Deviations were
10mmol 1 (pH 8.0) for 10min. The extract was then stirredcalculated as standard deviatios®.). Statistical evaluation
overnight at 4°C. The extract was mixed with u0@old was carried out using a Student‘test, assuming statistical
distilled water and 800l cold ethanol was added slowly to significance wheir<0.05.
precipitate the myosin heavy chains. After stirring for 30 min  For blots probed with the anti-troponigdntiserum (Sohn
at 4°C, the homogenate was centrifuged for 30 min at §200et al., 2000) a blocking buffer with 5% nonfat milkpowder in
and 4°C. The pellet contained the myosin (mostly myosiTST was used. After blocking, blots were incubated for 1h
heavy chains and less myosin light chains) and was dissolvedth the anti-troponind antibody, diluted 1:5000 in TST. The
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Fig. 1. Proctolin immunoreactivity on extensor muscles and in pereion ganglion dnedrginata (A) Immunostained varicose axons extend
along the inner layer of long fibres in pereion segment 7 and pleon segment 1. Numbers indicate identified muscle fibrds. Umberadr

parts of the figure. Scale bar, 308@. (B) Proctolin immunostaining reveals a symmetric pair of neurones (arrowheads) in the anterior part of
the ganglion in pereion segment 4. (C) Somata of efferent neurones projecting through N3 in the same ganglion, stainetibylabéitigg

with Lucifer Yellow (arrowhead indicates the anterior motoneurone). (D) Double exposure of the specimen reveals the déedble label
proctolin-ir motoneurone (arrowhead). Scale bar, [L®0

binding of the troponin sl antibody was detected as above,Backfilling extensor motoneurones in pereion segment 4 with
using a biotinylated anti-rabbit secondary antibody (Vectotucifer Yellow through N3 visualised several groups of
Laboratories, Burlingame, CA, USA) and ECL. motoneurones and a single ipsilateral neurone in the anterior
lateral part of the ganglion (Fig. 1C). Double exposure of
ganglia containing backfilled somata, which were subsequently
Results stained using indirect rhodamine immunofluorescence,
Proctolin-immunoreactive innervation of dorsal extensor revealed that this anterior lateral motoneurone contains
muscles proctolin (Fig. 1D). Thus the proctolin-ir innervation of the
The bilaterally symmetric dorsal extensor muscles in eachxtensor muscles in all segments is provided by a single pair
segment ofl. emarginataconsist typically of a superficial of central neurones in pereion ganglion 4.
dorsal layer of three to four short fibres spanning one segment,
and an internal layer of two to four fibres (depending on the  Proctolin potentiates caffeine-induced contractures
segment) spanning two segments (for details, see Kreissl et al. When isolated short extensor muscle fibres efmarginata
1999). A single proctolin-immunoreactive (proctolin-ir) axonwere exposed to 10 mmotl caffeine, a contracture of the
accompanies the internal layer of long muscle fibres of afibres resembling that described for other crustacean muscles
pereional segments. This axon runs within the dorsalvas observed (Huddart, 1969; Chiarandini et al., 1970). The
longitudinal nerve which contains the axons of other segmentabntracture persisted as long as caffeine was present (50s).
motoneurones and of intersegmental modulatory neuroneBuring a washing period of 20min, tension returned to the
The proctolin-ir axon forms numerous ovoid varicosities bustarting values, before further caffeine exposure. Proctolin
only very few arborisations with bouton-like endings directly(1umoll=1) increased the rate of development and the
on the muscle fibres. In the pereion segment 7 and in the pleamplitude of the caffeine-induced contracture (Fig. 2A). After
segments 1 and 2, a plexus of varicose immunoreactive axowashing for 35min with saline, the amplitude of subsequent
is present on all extensor muscle fibres (Fig. 1A). Thigaffeine-induced contractures returned to the level recorded
meshwork is not in direct contact with the muscle fibres antiefore proctolin treatment (Fig. 2A,B). Although the
may be a neurohaemal release site for proctolin. maximal amplitude of caffeine contractures varied between
The extensor muscle fibres are innervated by motoneuronegperiments, this potentiating effect was consistently observed.
located in the segmental ganglia. Their axons project througbn average, the amplitudes of caffeine contractures were
the posterior segmental nerves 3 (N3). In all seven specimesggnificantly increased by 27+7.6 % (mear.g., N=4, P<0.05
examined, a symmetric anterior lateral pair of proctolin-irStudent’st-test) in the presence of proctolin. Application of
somata was detected only in pereion segment 4 (Fig. 1Bproctolin (1umoll=1) alone had no effect on resting tension.
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Proctolin induces phosphorylation of a 30 kDa protein

- The electrophoretic separation of proteins of identified long
100ulﬂ extensor muscle fibres on a 15% SDS gel yielded a number of

protein bands with high resolution in the 15-100 kDa range

—_— ; . b . 10s (Fig. 3A). To detect a change in phosphorylation of muscle
Caff Caff+ Proc Caff proteins due to exposure to proctolin, phosphorylated proteins
were identified in western blots using an anti-phosphoserine

160, B antibody. Immunoblots with a positive control (provided by

140 * Biomol, Hamburg, Germany) showed the expected labelling.
In western blots of. emarginatamuscle proteins treated with
the anti-phosphoserine antibody, several bands were labelled

{ indicating that these proteins are phosphorylated at a serine

l residue. However, not all proteins detected by silver staining
were labelled in the immunoblot (Fig. 3B). Densitometry of

the immunoblot of control samples (Fig. 3C) shows different

intensities of antibody staining on a number of protein bands.

In western blots of proteins isolated from fibres incubated

with proctolin  (1lumoll=1), a considerable increase in

phosphorylation was evident in a protein band with the
apparent molecular mass of 30 kD= 1). This is evident by
comparing the phosphorylation of the 30kDa protein in the

Fig. 2. Effect of proctolin on caffeine-induced contractures.\yestern blots (Fig. 3B, arrow) and the two densitometric traces

(A) Potentiation of caffeine (10mmofy contracture by imoll™  (rig 3¢ arrow). The differences in phosphorylation of the 31,

proctol!n. Two controls _are' shown, before _and after the exposure %5 and 36 kDa proteins seen in Fig. 3B occurred only in this

proctolin. (Caff, caffeine; Proc, proctolin). (B) Averages of - ; .

gxperiment and are thus not a consistent effect of proctolin.

normalised tensions obtained from 4 experiments. Control represe L . . -
the average of three caffeine contractures per experiment prior to the For a quantitative analysis of the proctolin effect, the relative

proctolin tests. Values are means.&, [P<0.05, Student's-test. change of extinction was determined by comparing the
extinctions of protein bands in the controls and in the proctolin-

treated sample of each experiment. To prove that the different
intensity of staining was not due to differences in protein

concentrations of the samples, the phosphorylated 70kDa
protein was analysed as a control. The relative change of
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—— Fig. 3. (A) Electrophoretic separation of.
— — emarginataextensor muscle fibres on a 15% SDS
B o ™ g Q gel. The positions of molecular mass standards
p——o (kDa) are indicated. (B) Effect of proctolin
—_— — e — -1 . .
s =y — (1umo.ll ) on serine phospho_rylatlon ofl.
emarginataextensor muscle proteins. The 30kDa
31 "‘" — — -wa— Protein band of the proctolin-treated sample (arrow)
shows an increased phosphorylation signal
compared to the 30kDa protein band of the
untreated sample. Molecular mass standards are
215 o= ..’ indicated by arrowheads. Although differences in
’ phosphorylation of a 31kDa, 35kDa and a 36kDa

protein are seen in this experiment, these effects do

not occur consistently as an effect of proctolin

14.4 w= "'" incubation. (C) Densitometric analysis of B. The
— I 30kDa protein band is marked (arrow).
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3 40, * extinction of the 70kDa protein bands in proctolin-treated
= 351 samples and in untreated samples was only small and in both
% 20 directions. On average, the difference was only 0.4+3.7 % (Fig.
£ 4) and statistically not significanN€11, P>0.05 Student’s-
& 251 test). The proctolin effect on the phosphorylation of the 30 kDa
S 201 protein was quantitatively analysed in the same 11
% 15 1 experiments. In seven of these experiments, the extinction in
8 the proctolin-treated samples was increased by 26 % to 89%
o 107 over the untreated samples. In two experiments, no obvious
% 51 differences in the extinction of the 30kDa protein band was
E 0 1 detected, and in two other experiments the extinction of the
) proctolin-treated samples was slightly smaller (6 %, 9 %) than
30 kDa 70 kDa that of the untreated samples. On average, the extinction of the
protein protein 30kDa protein band of the proctolin-treated samples was

Fig. 4. Changes in relative extinction of the 30kDa protein and %‘?nflcan_trl)r/] increased Itt)y 29?8.9%1(#1{ P<O'05t’ l.StUd.en(:S
70kDa protein (for comparison) upon treatment withmibl |72 est). e§e results - show . "?‘ proctolin —nduces
proctolin. Summary of 11 experiments. The relative changes in theh0SPhorylation of a 30kDa protein in the extensor muscle
extinctions of the 30kDa and the 70kDa band of proctolin-treatedibres ofl. emarginata(Fig. 4).

samples and untreated samples were compared in each experiment. . . . .
The extinctions result from immunoreactivity of the anti-eIthe phosphorylated 30kDa protein is associated with the thin

phosphoserine antibody. Values are meaas +[P<0.05, Student’s filament and troponin | immunoreactive
t-test. Since the phosphorylated 30kDa protein band is present in
A B C D
Anti-phogphoserine  Anti-troponin |3
& & &
, Ny & & &
00)\(\ 06\(\ 'QK\ s\\\ é\)Q; \\\
& W N & & &
iy o S
97.5= :—-: - -
66 = (FAE— - - - 3
45 = . - - '
-—=
S - —-—illle" = =~ @ ' e < 30kDa
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21.5= - - - - - .
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144> i Wl . - e - - b

Fig. 5. Electrophoretic separation and western blot analysisevharginatamyosin, actomyosin and thin filament on 15% SDS gels. The
positions of molecular mass standards (kDa) are indicated. (A) In the myosin extract three myosin light chains (myosinitd&)tifiede
(asterisks). In myosin LC extracts obtained by guanidine—HCI precipitation two of these light chains (14kDa and 18.5kBagrare pr
(B) The actomyosin and thin filament extracts contain a protein with the apparent molecular mass of 30 kDa (arrow), whehga®einsisc
present in the myosin extract. (C) Western blot analysis with a phosphoserine antibody reveals a number of high molecuolgimaassdp
two proteins at 30kDa and 31kDa in thin filament preparations. (D)dmarginatamuscle homogenates and thin filament preparations, a
major band at 30 kDa (arrow) and a minor band at 31 kDa are stained in western blot analysis with antiserum against Iolster tropo
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preparations of sarcoplasmic proteins (Fig. 3), we assumed theggments, allowing modulation of local and more distant
it is associated with either the thin or the thick filament. Tdargets. This mode of release has also been found in other
determine whether the potentiation of caffeine-induced musclarthropods (Anwyl and Finlayson, 1973; Braunig, 1997). We
contraction is due to myosin light chain phosphorylation wehave recently localised allatostatin immunoreactivity in pairs
identified myosin light chains ¢f emarginata Electrophoretic  of motoneurones with similar location and morphology in all
separation of the myosin preparation revealed three protepereion ganglia except ganglion 4loEmarginata(Kreissl| et
bands at 14, 18.5 and 24kDa and a prominent band at thé, 1999). Thus, the modulatory action of these homonomous
apparent molecular mass of 189 kDa (Fig. 5A). The moleculgpairs of neurones present in all pereion ganglia is exerted by
masses of these proteins correspond to those reported fiifferent peptides which are segment-specifically expressed
myosin light and heavy chains of other crustacean musclésit applied to extensor muscle fibres in all segments.
(Mykles, 1985a; Mykles, 1985b; Mykles, 1988; Li and
Mykles, 1990). The protein bands at 36 kDa and 56 kDa do noMechanisms of proctolin-induced potentiation of contraction
correspond to any known crustacean myosin light chains and Proctolin enhances contraction by synergistic pre- and
are therefore supposed to be contaminants. By subsequemtstsynaptic effects. Ih emarginatathe postsynaptic effects
treatment with guanidine-HCI and precipitation of heavyinduced by concentrations of proctolin in the range of
chains with ethanol, the two myosin light chains with2nmoll®l to 1umoll~ include an increase in the input
molecular masses of 14kDa and 18.5kDa were furtheresistance of the sarcolemma by closure of non-voltage-
separated (Fig. 5A). A 30kDa protein that was present in thdependent K channels and an increase of inward current
actomyosin preparation (Fig. 5B) was not present in théhrough L-type C&* channels (Erxleben et al., 1995;
myosin preparation. We therefore concluded that proctoliRathmayer et al., 2001). The involvement of intracellular
does not induce myosin light chain phosphorylation. signalling pathways (Lange and Nykamp, 1996, for review;
The preparation and electrophoretic separation of the thiRathmayer et al., 2001) suggests that, in addition to the effects
filament proteins showed a number of different bands witlon sarcolemmal ion channels, proctolin may also modulate
apparent molecular masses between 14 and 100kDa (Fig. 5B)2* release from the SR and/or €asensitivity of
Among these, two protein bands at 30kDa and 31kDa armarcoplasmic proteins. In this study we show that proctolin,
visible (Fig. 5B, arrow at 30kDa). Thus, these proteinavhen applied at the concentration that was most effective in
belong to the thin filament complex, and are most probablprevious studies on this preparationpiol 1), enhances
thin-filament-associated regulatory proteins. Both areaffeine contractures df emarginataextensor muscle fibres
phosphorylated at a serine residue (Fig. 5C). Since in othand induces the phosphorylation of a 30kDa protein. The
crustacean muscles thin filament proteins with the moleculgroctolin-induced activation of && channels does not
mass of approximately 30kDa inhibit actomyosin-ATPasecontribute to the proctolin-induced enhancement of caffeine
activity and have therefore been classified as troponin dontractures. Caffeine contractures, which develop without
(Regenstein and Szent-Gyorgyi, 1975; Mykles, 1985a; Nishitmembrane depolarisations, are not accompanied B Ca
and Ojima, 1990; Miegel et al., 1992; Neil et al., 1993), wecurrents through voltage-dependentCehannels (Huddart,
applied an antiserum, generated against lobster tropgnin 1969; Chiarandini et al., 1970). Caffeine contractures are
(Sohn et al., 2000), ontoemarginatamuscle and thin filament thought to be due to its effect on the ryanodine receptor
preparations (Fig. 5D). The immunoblot revealed only twoengaged in CH release from the SR. Since in locust oviduct
bands: one major band of 30kDa and another minor band ahd foregut muscles proctolin causes an increase f3,laad
31kDa. There was no signal with the anti-troposiantiserum injection of In$3 and phorbol esters mimicked the effect of
on |. emarginatamyosin preparations. From these results weproctolin (Baines and Downer, 1992; Lange and Nykamp,
suggest that proctolin induces phosphorylation of the 30kD&996; Hinton et al., 1998), it was suggested by these authors
troponin | isoform inl. emarginatamuscle. that the potentiation of contractions by proctolin is mediated
by activation of InBs-induced C&' release from the SR. At
present we have not investigated a possible potentiating effect

Discussion of proctolin on caffeine contractures caused by a change in
Immunocytochemistry C&* release.
The potentiating effects of proctolin ddotea extensor However, proctolin may have yet another mechanism of

muscle fibres (Erxleben et al., 1995) raised the question aiction that is downstream of the aelease from the SR, by
whether the peptide is present linemarginataand how it  changing the Cd sensitivity of regulatory proteins through
reaches the fibregn vivo. We identified a single pair of phosphorylation.

proctolin-ir motoneurones in pereion ganglion 4, which

appears to be the only central source for directly supplying Proctolin induces phosphorylation of an intramuscular
proctolin to the extensor muscles in all segments. The axons protein

of these motoneurones accompany the internal layer of long As the present study demonstrates, proctolin induces serine
extensor muscle fibres across several segments and fornplaosphorylation of a muscle protein with the apparent
neurohaemal meshwork of varicosities in the posterior bodgnolecular mass of 30 kDa. No other protein shows a consistent
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change in its degree of serine phosphorylation on exposure pooctolin inl. emarginatamuscle fibres would counteract the
proctolin. However, considerable variability in the proctolin-other effects of this peptide in this preparation.
induced phosphorylation can be detected, which may reflect However, possible serine phosphorylation sites of troponin
different endogenous proctolin levels. Erxleben et all from the crayfishAstacus leptodactyluare not thought to
(Erxleben et al., 1995) reported a considerable variabilitgontribute to a control mechanism equivalent to the negative
among preparations df baltica for the proctolin-induced feedback mechanism in vertebrate heart muscle (Kobayashi et
enhancement of contraction. Sometimes proctolin even faileal., 1989). In addition, recent studies in an insect muscle
to exert any effect on membrane properties or contractioshowed that phosphorylation of a thin filament-associated
amplitudes. The effects of proctolin was also shown to vargOkDa protein actually increased 2Casensitivity of the
seasonally in crayfish (Bishop et al., 1991b). actomyosin ATPase (Weitkamp et al., 1998). The identity of
To study phosphorylation of muscle proteins, we chose attis 30 kDa protein is not known but the authors assume it to
extraction method that would isolate sarcoplasmic proteins ibhe a troponin | on the basis of its molecular mass.
the range 15-200kDa. Therefore, membrane-bound proteinsif the phosphorylation of thé emarginata30kDa thin-
such as ion channels were not present in the homogenatesfilament-associated protein also increase3*Gansitivity of
myofibrillar proteins, phosphorylation of myosin regulatorythe ATPase, this would contribute to the proctolin-induced
light chains, which is common in vertebrate muscle angbotentiation of contractures and would be synergistic to all
regulates force generation (Sweeney et al., 1993; Horowitz ether effects of proctolin in this preparation.
al., 1996, for review), has been detected in several insects
(Winkelman and Bullard, 1980; Takano-Ohmuro et al., 1986). This work was supported by grants of the Deutsche
Lange and Nykamp (Lange and Nykamp, 1996) reporte@orschungsgemeinschaft (Ra 113/9-1). We thank Dr H.-J.
that a 20kDa light chain of a locust visceral muscle isAgricola for the proctolin antiserum, M. A. Cahill and B.
phosphorylated after proctolin exposure (10nmill In Rapp for valuable technical assistance, and M. Thimm for
Drososphilaflight muscle phosphorylation of a light chain rearing the animals.
enhanced both calcium-activated and magnesium-activated
ATPase activities (Takahashi et al., 1990). We show that the
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