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Abstract

Growth-blocking pcptide (GBP) was  first identified in the hemolymph  of  the host armyworm.  Pseudatetia sepaJuta,

whose  growth  is halted in thc last instar larval stage  by  parasitization with  the parasitoid wasp,  Cotesia karlyai. Stud-
ies on  the mechanism  of  growth  retardation  by GBP  revealed  that GBP  titers in hemolymph fiuctuate synchronously

with  dopaminc levels: GBP  and  dopamine peaks eoincidc  with  each  larval molt  period  during which  larvae temporar-
ily cease  moving  and  feeding. The fact that  GBP  induced the e]evation  ofdopamine  concentration  in the hemo]ymph
was  demonstrated in armyworm  larvae by GBP  injection. Dopamine  elevation  was  also  ebserved  in insects exposed  to

various  stress  conditions  such  as parasitization and  chilling.  These  results,  together  with  the fact that dopaminc itself
inhibits larval growth, indicate that GBP  induces growth  retardation  via  the elevation  ofdopamine  levels. Further, we

demonstrated that the diapausc-inducing infiuencc of  short  day length also  eleyates  dopamine concentrations  in he-
molymphs  and  the brain-central nervous  system  (Br-CNS) ofthe  cabbage  armyworm,  immestva  bvassicae. The eleva-

tion of  dopamine levels contributes  to the onset  of  pupal diapause. We  therefore proposed  that a  GBP-dopamine sys-
tcm contributes  to the control  of  growth rates  in insects. Recent studies  by ourselves  and  other  laboratories have fbund
more  than 1O homologous peptides in various  insect species.  These  peptides have diverse functions: larval growth re-
tardation, paralysis induction, cell proliforation, immune  cell  stimulation  and  cardioacceleration.  As demonstratcd
GBP  itselfexerts most  ofthese  functions, so  it is rcasonable  to conclude  that GBP  and  GBP-like peptides widely  pres-
ent  in insects should  be regarded  as insect cytokines  with  a  yariety  of  functions.

Key  words:  Cytokine; growth-blocking peptide (GBP);dopamine; growth; development

INTRODUCTION

  Insects, like all animals,  respond  to a variety  of

stimuli  and  adapt  to external  environmental

changes  by controlling  their morphology  and  phys-
iology. In particular, in insects, the distinguishing

features are  programmed  into their  life cycles:  dra-

matic  morphological  changes  in the developmental

process ofmetamorphosis,  and  obligatory  or  facul-

tative diapause (Nijhout, 1994). Such drastic

changes  in the developmental or  physiological

processes have attracted  a  large nurnber  of  ento-

mologists  to study  the endocrinolegy  that cohtrols

these changes.  Since Kopec  demonstrated that the

laryal brain of  L.vmantia dispar releases  a factor

necessary  for pupation (Kopec, l922), a variety  of

insect hormones have been identified isolated and

most  of  their structures  demonstrated: ecdysone

(E), 20-hydroxyecdysone (20E), juvenile hormone

(JH), protheracicotropic hormone  (PTTH), and  di-
apause  hormone  (DH), Infbrmation about  some  in-

sect  hormones  is as  extensive  as for their mam-
malian  counterparts  (Gade et al., 1997). Jn contrast
to insect hormones, however, insect cytokines  haye

received  little attention,

  Although cytokines  initially drew our  attention

mainly  as important mediators  of  immunitM cy-

tokine research  has become increasingly relevant  in
many  diffbrent areas  of  the biological sciences  in
the past 25 years (Pedersen and  Hoffman-Goetz,

2000). [Ibday we  recognize  that cytokines  play key

roles  in a variety  ofphysiological  processes such  as

infiammation, cell growth, tissue remodeling,  and

development (Hanada and  1foshimura, 2002;

Eswarakumar  et al., 2005; Klagsbrun and  Eich-

mann,  2005; McGeachy  and  Anderton, 2005).
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Most  of  these studies  have been performed using
mammals  or  mammalian  cells, and  new  cytokines

and  receptors  continue  to be identified. Compared
with  mammalian  cytokines,  little is known  about

insect cytokines.  Although some  cytokine-like

molecules  and  receptors  have been assigned  by
homology  searches  and  genetic analysis  in
Drosophila, until recently,  no  insect cytokines  had
been substantially  identified in insects by biochem-
ical research  (Muskavitch and  Hoffmann, 1990;
Shilo and  Raz, 1991; Neuman-Silberberg and

Schupbach, 1993; Schweitzer et al,, 1995; Raffery
and  Suther]and 1999). The  first family of  insect
cytokines  was  referred  to as ENF  peptides, based
upon  the unique  N-terminal consensus  sequence,

Glu-Asn-Phe-. Growth-blocking peptide (GBP) is
the fbunding member  of  this peptide family

(Strand et al,, 2000; Aizawa  et  al., 2002). The fo1-
lowing is a  short  review  of  our  studies on  the cy-
tokine GBR  which  was  initially identified in the
last instar larvae of  the armyworm,  Psettclaletia
separata,  parasitized by its parasitoid wasp,  Cote-
sia  karivai.     "

DISCOVERY  OF  GROWTH-BLOCKING  PEP-
TIDE  (GBP)

  Endoparasitoid wasps  lay their eggs  in the body
cavity  of  other  insects where  the progeny will  feed

(Beckage, 1985), After oviposition,  the eggs  and

larvae of  the wasps  could  be attackcd  by the de-
fense system  of  the oviposited  insects; however,
when  these insects are  permissive  hosts for the
wasps,  the wasp  eggs  and  larvae are  rarely  killed
by the host defense system,  Once the parasitoid lar-
vae  circumvent  the host defense system,  they have
to absorb  enQugh  nutrition  to mature  and  emerge

from the host larval body. As  a  consequence  of

parasitoid development, the growth of  the host in-
sect  is often  retarded  (Vinson and  Iwantsch, 1980).

Therefbre, when  the relationship  between para-
sitoid  wasps  and  their permissive hosts was  evolu-

tionally established  the immune  system  and

growth regulatory  system  of  the hest insect fe11
under  the control  of  the wasps.  Such a  successfu1

one-sided  relationship has allowed  us  to analyze

how  the  host insect is manipulated  by its parasites.
At the end  ef  the 1980s  when  we  started  to study

the parasitization strategy  of  endoparasitoid  wasps

at  the  molecular  level, most  researchers  in this field

fbcused their attention  on  the growth retardation

andror  immune  suppression  that are  usually  ob-

served  in parasitized host insects (Vinson, 1990;
Lawrence and  Lanzrein, 1993; Strand and  Pech,
1995),

  We  focused on  growth retardation  of  the para-
sitized  host insect. Last instar larvae of  the army-

worm  flseudoletia sepavata  parasitized by the wasp

Cotesia karlyai do not  initiate metamorphosis,  and

this developmental disturbance allows  the wasps  to

complete  their larval growth and  emerge  while  the

host is still in the  larval stage;  otherwise,  the wasp

]arvae would  be trapped in the sclerotized  pupal
cuticle.  In most  lepidopteran larvae, the burst of

hemolymph  JH esterase  activity  early  in the last in-
star cerrelates  with  a  decline in plasma JH, after

which  PTTH  is released  and  initiates a cascade  of

events  leading to pupation (Hammock, 1985), We
revealed that hemolymph JH  esterase  activity  in the
last instar larvae was  comp]etely  blocked by para-
sitization; however, the blockage ofJH  esterase  ac-

tivity was  probably not  due to inhibition ofthis  en-

zyme  but repression  of  its gene expression.  Wtr
have identified the peptidergic factor(s) that repress

the increase of  JH esterase  expression  in the he-
molymph  of  parasitized larvae (Hayakawa, 1990),
This repressive  factor was  purified by measuring  its
repressive  activity  toward  JH esterase  expression

when  iniected into nonparasitized  early  last instar
larvae of  the armyworm.  Four consecutive  analyti-

cal reversed  phase HPLC  runs  were  surncient  to

purify the responsible  peptide (Hayakawa, 1990).
Injection ofthis  peptide inte early  last instar larvae
blocked the elevation  of  plasma JH  esterase  activ-

ity and  consequentlM  disturbed the normal  devel-
opment  of  the larvae; therefbre, this peptide was
named  growth-blocking peptide (GBP) (Hayakawa,
1991, 1995; Hayakawa  and  ittsuhara, 1993),

  Peptide sequencing  and  fast atom  bombardment
mass  spectrometry  showed  that GBP  is a  25 amino

acid  peptide with  one  disulfide bond  between two

cysteine  residues:  Glu-Asn-Phe-Ser-Gly-Gly-Cys-
Vhl-Ala-Gly-[IYr-Met-Arg-Thr-Pro-Asp-Gly-Cys-
Lys-Pro-Thr-Phe-rlYr-Gln (Hayakawa, 1991). Soon
after  the primary structure  of  GBP  was  reported

seven  homologous peptides that have paralytic efi
fects were  isolated from the hemolymph of  lepi-
dopteran larvae (Skinner et al., 1991, 1993), All
these paralytic peptides consist  of  23 or  24 amino

acid  residues,  and  sequence  homology  between

NII-Electronic  
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GBP  and  the paralytic peptides is approximately

80%  (Hayakawa, 1995; Kamimura  et al., 2001). No
other  homologous peptide was  reported  fbr the
next  six  years, until  l997 when  plasmatocyte-
spreading  peptide (PSP) was  fbund as  a  member  of

the same  peptide family (Clark et al., 1997). This

peptide induces plasmatocytes to spread  on  foreign
surfaces  in vitro.  Three years later, another  homol-
ogous  peptide was  isolated as  a eardioactive  pep-
tide (Furuya et al., 1999). We  conducted  parallel
experiments  using  GBP  and  PSP  to determine
whether  these peptides have distinct or  multiple  bi-
ological  activities. Both peptides exhibited  signifi-

cant  growth retardation  and  paralytic activity

(Strand et al., 2000), Further, they induced plasma-
tocytes to spread  on  a culture  plate. Based on  these

results,  we  propose that all these peptide family
members  are  insect cytokine  homologs  that likely
have multiple  biological activities, Based on  the

consensus  sequence  of  their N  termini, we  further

proposed that these molecules  be referred  to as

members  of  the 
"ENF"

 peptide family (Strand et

al ,, 2ooo),

GROWTH  BLOCKING  ACTIVITY  OF  GBP

  We  demonstrated that the iajection of  20 pmol  of

chemically  synthesized  GBP  into nonparasitized

armyworms  during the early  last larval instar
clearly  retards  larval growth and  causes  a delay in

pupation through  repression  ofplasma  JH esterase

activity. On  the basis of  this result, together with

the fact that GBP  was  found in the parasitized lar-
val  hernolymph, we  concluded  that GBP  is one  of

main  causes  ofparasitization-induced  growth retar-

dation. We  initially hypothesized two  possibilities
fbr the origin  of  GBP;  from the wasp  or  host. Sub-
sequent  studies  demonstrated that GBP  exists  not

only  in the hemolymph  of  parasitized last instar
larvae, but also  in the hemolymph  of  nonpara-

sitized  larvae, which  indicates that GBP  is not  a

peptide of  the parasitoid wasp  but a  gene product
of  the armyworm  genome  (Hayakawa, 1992;
Hayakawa  et al,, 1995), Using anti-GBP  mono-

clonal antibody, GBP  concentrations  in the he-
molymph  of  parasitized and  nonparasitized  larvae
were  measured.  In nonparasitized  larvae, the he-
molymph  GBP  concentration  was  highest in day O

penultimate instar 1arvae and  declined gradually
with  larval development, although  a  temporary  in-

crease  was  observed  on  day O of  last instar larvae,

suggesting  that the GBP  titer is relatively  higher

during the younger larvql stage  than  during the last
instar stage  (Ohnishi et al., 1995; Hayakawa et al.,
1998). The GBP  titer continued  to decrease during
the last larval instar to less than IOnM  after  day 1
in last instar larvae, Unlike the decrease seen  in
nonparasitized  last instar larvae after  final larval

ecdysis,  the GBP  titer of  parasitized larvae in-

creased  within  one  day after  parasitization; how-

ever,  the elevation  of  hemolymph  GBP  persisted
for only  one  day, declined gradually, rose  again,

and  then kept declining (Fig. 1). The increased
level of  GBP  was  not  maintained  fbr a long period
and  gradually declined; however, the lowest level
of  GBP  is higher than that ofnonparasitized  larvae.
Further, this characteristic  pattern of  fiuctuating

hemolymph  GBP  titer after parasitization allowed

us  to speculate  that the occasional  elevations  of

GBP  level are  likely to disturb normal  larval devel-
opment.  This speculation  was  partly supported  by
the fact that a single  iiijection of  GBP  into nonpar-
asitized  early  last instar larvae retards  Iarval

growth and  delays pupation, Further, wc  dcmon-
strated  that the characteristic  pattern of  fluctuating
hemolymph  GBP  titer was  also  observed  in last in-
star larvae whose  development was  retarded  by
transfer from 250C  to 10eC (Ohnishi et al., 1995).
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 Fig, 1, GBP  (e) and  dopamine (O} concentrations  in he-

molyniphs  of4th,  5th, and  last instar larvae ofthe  armyworm

Pseudaletia  sepamta.  Day  O last instar larvae were  parasitized

by Cotesia kari),ai 7 h after  lights on.  Parasitization caused  a

threc-fold increase of  GBP  titers within  one  day (-). Each
point represents  the mean  of  7-1O independent determinations.
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Under this cold  stress  condition,  the body weights
of  larvae remained  Iower than those of  larvae

growing at 250C and  pupation was  delayed fbr 11
days. During the prolonged last instar ]arval period
the plasma GBP  level was  much  higher than  that in
centrol  larvae and  decreased gradually with  six

peaks. Therefbre,  the GBP  concentration  in he-
molymph  is increased under  various  stress  condi-

tions,

MECHANISMS  OF  GBP-INDUCED  GROWTH
BLOCKING

  We  observed  that GBP  retarded  growth through

the  repression  of  hemolymph  JH esterase  activity,

Although this implies that growth retardation  is
due to a relatively  high level of  JH in the he-
molymph,  the mechanism  by which  GBP  represses

hemolymph JH esterase  activity  is totally un-

known. We  directed our  attention  to previous re-

ports that demonstrated the contributions  of  bio-

genic amines  to insect neuroendocrinology  and

developmental physiology: the monophenolamine

octopamine,  which  has been reported  to have
allatostatic  activity  on  the corpora  allata  of  the

cockroach,  Diptopteva punctata (Thompson et al,.

1990), and  octopamine,  dopamine, and  serotonin,

which  increase cyclic  AMP  levels in the corpora

cardiacum  of  the American  cockroach,  Pbriptaneta
americana  (Downer et al,, 1984). In A,landuea
sexta,  dopamine  stimulates  JH  and  JH  acid  synthe-

sis  in the corpora  allata  in vitro  in early  last instar
larvae, but inhibits synthesis  in the'later stage

(Granger et  al.,  1994, I996), Further, dopamine un-
dergoes developmental changes  with  fbur peaks
that coincide with  the two  molts,  pupation, and

adult  emergence  in Drosophila melanogaster  (Mar-
tinez-Ramirez  et al., 1992).

  In order  to elucidate the pathway ofGBP  action,

we  analyzed  biogenic amines  in armyworm  larvae
that were  parasitized by parasitoid wasps  or  in-

jected with  GBR  HPLC  analysis  of  hemolymphs
with  electrochemical  detection indicated a  differ-
ence  between dopamine levels in parasitized and

nonparasitized  larvae. Concentrations of  other  bio-

genic amines  such  as octopamine  and  serotonin

were  unaffected  by parasitization (Noguchi et al.,

1995). In nonparasitized  larvae, the dopamine level
was  highest at the last larval molt,  and  it decreased
rapidly  to one-sixth  of  the maximal  level, Parasiti-

zation  ofday  O last larval instars caused  an  approx-

imately twe-fold  increase in dopamine levels
within  one  day, and  the elevated  levels were  main-

tained throughout  the last larval instar peniod. The
elevation  of  hemolymph  dopamine levels was

reproduced  by iniectien of  GBP:  hemolymph
dopamine  levels were  three times  higher in GBP-
injected larvae than  in control  PBS-iajected larvae
one  day after  iojection; therefore, hemolymph
dopamine elevation  in parasitized larvae is reason-
ably  ascribed  to the efTect  ofGBR

  We  tested the eflect  of  dopamine  on  larval devel-
opment  by iniection of2.6nmol  dopamine (the nat-

ural  dopamine concentration  in hemolymph  ef  day
O last instar larvae soon  after ecdysis).  Iajection of
dopamine  into nonparasitized  larvae once  each  day
from day O to day 3 of  the last instar decreased
weight  gain and  delayed pupation by a  few days in
70%  of  tested larvae. Similar growth retardation

was  observed  when  a D2 receptor  agonist,  (-)-
quinpirole, was  iniected into larvae, although  iajec-
tien of  a  D, agonist,  (±)-SKF38393, had ne  effect

(Noguchi et al., 1995). These results suggest  that
dopamine  plays an  important role  in the retardation
of  larval development through  binding to D2-type
dopamine receptors,  However, we  do net  know  the
mechanism  by which  activation  of  D2  receptors

disturbs the norma]  development of  armyworm  lar-
vae.

  We  examined  which  organ  contributes  to the ele-
vation  of  hemolymph  depamine, In insects, two
separate  pools of  dopamine  are present in the nerv-
ous  system  and  the integument (Evans, 1980). In
thc insect nervous  system,  dopamine  is the most
abundant  monoamine  and  it may  serve  as  a  neuro-

transmitter and  neuromodulator  (Martin et  al.,

1984; Orchard 1984; Davis and  Pitman, 1991;
Goldstein and  Camhi, 1991). In addition,  an  ex-

tremely  high cencentration  of  dopamine  is present
in the integument, where  it serves  as  an  essential

intermediate of  cross-linking  agents  in cuticle fbr-
mation  throughout  insect development (Hopkins et

al., 1984; Andersen et al., 1995). Measurement  of

dopamine concentrations  in these two  tissues

demonstrated that the total amount  of  dopamine  in
the integument was  approximately  1,OOO times

greater than that in the larval brain of  the army-

worm.  The  dopamine pool in the integument is also
approximately  50 times bigger than  that in the he-
molymph,  thereby  suggesting  that the GBP-in-
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duced elevation  ofhemolymph  dopamine  could  be
from dopamine  in the integument (Noguchi and

Hayakawa, 1996). This speculation  was  partly con-
firmed by tirne-course studies  during in vitro cul-

ture experiments.  Integument containing  radiola-

beled dopamine  was  incubated in Grace's medium
both with  and  without  5%  sodium  dodecyl sulfate

(SDS) in order  to fbllow the release  ofradiolabeled

dopamine  into the medium,  In the absence  of  SDS,
radiolabeled  dopamine  was  released  into the

medium  in a  linear fashion fbr the first 30min, and

at  45 min,  its release  reached  a  plateau. In contrast,
when  5%  SDS  was  added  to the incubation
medium,  radiolabeled  dopamine  was  continuously

leaked into the mediurn  without  reaching  a  plateau,
suggesting  that the observed  release  of  dopamine
into Grace's medium  was  not  due to artificial leak-
age  but to actively  regulated  release  from the in-
tegurnent (Noguchi and  Hayakawa, 1996),

ROLE  OF  A  GBP-DOPAMINE  SYSTEM  IN

PUR4L  DIAR4USE  INDUCTION

  Changes  in hemolymph  GBP  and  dopamine  con-

centrations  during the ]ate larval stage  of  the army-

worm  are shown  in Fig. 1. Both titers fluctuate syn-

chronously  during larval development. We  are

especially  interested in the fact that GBP  and

dopamine peaks coincide  with  each  molt  period,
during which  larvae temporarily  cease  moving  and

feeding (Fig. 1) (Ohnishi et al., 1995; Noguchi and

Hayakawa,  1997). These results,  together with  the

previous observation  that GBP  causes  rigid  paraly-
sis in iajected armyworm  larvae, allow  us  to specu-

late that a GBP-dopamine systern  might  participate
in the control  of  the  induction of  diapause

(Noguchi and  Hayakawa, 1997, 2001; Noguchi et

ai., 2003).

  Tb assess  this speculation,  we  measured

dopamine concentrations  in the hemolymph,  in-
tegument,  and  brain-central nervous  system  (Br-
CNS) of  diapause- and  non-diapause-destined  pre-
pupae and  pupae of  the cabbage  armyworm,

Mamestra  bmssicae (Noguchi and  Hayakawa,

1997). In all tissues, dopamine levels were  signifi-

cantly  higher in diapause-destined insects than  in

nen-diapause-destined  insects. The difference be-

tween  dopamine levels in both animals  was  biggest
during pupal molt:  the concentration  was  quadru-
pled in every  tissue, These  results  suggest  that a

high concentration  of  dopamine in these tissues re-

lates to the induction of  diapause. To determine
whether  dopamine  could  participate in triggering

pupal diapause in Mamestia  pupae, we  increased
dopamine  levels in pupae that had been reared

under  non-diapause-destined  conditions,  such  as

long day length, By  feeding vaimestra last instar
larvae DOIIA, the dopamine level was  elevated  sev-

eral  times in all the tested tissues: hemolymph, in-
tegument,  and  Br-CNS.  Treatment with  DORIY  re-

sulted  in developmental retardation  in more  than

60%  of  the tested pupae: about  30%  of  the pupae
metamorphosed  into adults  at around  two  months

after  onset  of  the wandering  stage,  and  another

30%  of  the pupae metamorphosed  at around  fbur
months.  In contrast  to the DORA-treated pupae, all
control  pupae had metamorphosed  into adults  by
two  weeks  after  onset  ofthe  wandering  stage  (Fig.
2) (Noguchi and  Hayakawa, 1997). Therefore,
these data strongly  suggest  that dopamine  concen-

trations in hemolymph  and  Br-CNS  play an  impor-
tant role  in controlling  the induction ofdiapause  in
MtimestTu pupae. Although we  have not  revealed

the mechanism  by which  a  high concentration  of

dopamine induced a diapause-like state, it is rea-
sonable  to expect  that dopamine  must  have an  in-
hibitory effect  on  the secretion  of  PTTH  from brain
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(wlw) DO}A  during last 1arval instar.
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to hemocoel (Noguchi and  Hayakawa, 1997; Uryu
et al., 2003).

ROLE  OF  THE  GBP-DOPAMINE  SYSTEM  IN

EGG  DIAPAUSE  INDUCTION

  As  another  example,  we  analyzed  the mecha-

nism  of  egg  diapause of  the silkworm,  Bombyx
mori.  The silkworm  enters  diapause at an  early  em-

bryonic stage  before dermal differentiation is com-

pleted. High  temperature  (250C) and  long day
length act on  the embryos  to program the resulting

mature  adult  females to lay diapause eggs,  whereas

low temperature (150C) and  short  day length pro-
duce nondiapause  eggs.  Although it has been re-

ported that diapause-destined conditions,  high
temperature and  long day length, act on  the sub-

esophageal  ganglion (SG) to induce it to secrete

DH,  which  acts  on  developing oocytes  to induce
diapause in the resulting  embryos,  the mechanism

by which  such  diapause-destined conditions  in-
duces the secretion  of  DH  is unknown.  We  mea-

sured  dopamine concentrations  in hemolymph  and

Br-SGs of  silkworm  larvae and  pupae that were

incubated under  either  diapause-destined or  non-

diapause-destined conditions.  In both tissues,

dopamine concentrations  were  constantly  higher in
diapause-type than in non-diapause-type  insects.
The  difference between Br-SG  dopamine  levels in
diapause- and  non-diapause-type  insects was  par-
ticularly great at two  and  three days after pupation
(Fig, 3), Dopa  decarboxylase (DDC) activities  were

measured  in Br-SGs of  diapause- and  non-dia-

pause-type insects, DDC  activities  were  2-4 times

higher in diapause-type than  in non-diapause-type
insects during the first few days after  pupation,
with  the greatest point of  difference coinciding

with  the greatest difTerence in Br-SG  dopamine
levels (Fig. 3). Further, DDC  mRNA  levels were

significantly  higher in the diapause type at the

same  time, indicating that the increase in DDC  ac-

tivity in diapause-type insects was  due to the en-

hancement of  DDC  gene expression.

  After we  confirmed  that dopamine concentra-

tions are  higher in diapause-type than  in non-dia-

pause-type silkworms,  as  in the case  ofthe  cabbage

armyworm,  we  examined  the effect  of  elevated

dopamine levels on  the induction of  egg  diapause.
Feeding DOI\Y  to larvae or  the irijection of  DORA

(or dopamine) into day 2 pupae increased

20

s-2
 isg'te-g-8

 loEx･Eg,o

    eDlapausfng
 O 1 2 3 4 5 6

Nondiapeusing

''r

i
/1'

'/i

'' '! '1'

''
/

i'1
'

/1 /

//

'
/

F!
/1/

/

/
1

'/'/'
i/

/''/

/ 1i//

7B91011121310123456789         /

        Ot2345678910111012345678
                         :

         Day  of  last lnstar Larvae  : Day  ot pupae

 Fig, 3, Dopamine  concentrations  in brain-subesophagea]

ganglions ofdiapause-type  (open bars) and  non-diapause-type

(closed bars> silkworm  larvae and  pupae. A]] samples  were

prepared between 4 and  5h after  iights on.  Each value  repre-

sents  the mean  of  IO indcpendent determinations.

dopamine concentrations  in Br-SGs of  day 3

pupae. Female adults  whose  dopamine  concentra-

tions were  elevated  by either  treatment laid dia-

pause eggs  at frequencies of  over  60%,  even  when

they had been placed under  non-diapause  condi-

tions, short  day length at 150C, when  they  were  in
the embryonic  stage.  As  the elcvation  of  Br-SG
DH  mRNA  levels in diapause-type females a few
days after pupation has been reported  (Sato et al.,
1993; Xu  et al., 1995), we  measured  Br-SG  DH
mRNA  levels in non-diapause-type  females after

treatment with  dopamine  or  DORA,  Iniection with
DOPA  or dopamine  produced an  approximately

three-fbld increase in DH  mRNA  levels in day 3

pupae 20h after  injection, indicating that the

dopamine-induced embryonic  diapause of  the silk-
worm  occurs  through the increased level of  DH
during the early  pupal stage  (Noguchi and

Hayakawa,  200  1 ),
  It has been reported  that dopamine  functions as

a  neurotransmitter  and  inhibits the release  of  the

crustacean  hyperglycemic hormone from the eye-

stalk  neuroendocrine  complex  of  the red  swamp

crayfish,  Procambarm clarkii  (Sarojini et al.,

t995a). Further, dopamine has been fbund to an-
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tagonize  the ovary-stimulating  action  of  serotonin

in R  clarkii  (Sarejini et al,, 1995b). Moreover, it is
known  that dopamine has a  regulatory  effect  on

prolactin secretion  from vertebrate  pituitary cells; a
high concentration  of  dopamine  inhibits prolactin
release,  whereas  a  low concentration  of  dopamine
stimulates  prolactin secretion  (Shin et al,, 1997;

lk)ungren et al,, 1999), Although we  do not  know

at present whether  such  dopamine functions are  re-

lated to the induction of  diapause in the silkworm
and  cabbage  armyworm,  it is reasonable  to specu-

late that dopamine has regulatory  effects  on  DH
and  PTTH  secretions;  a  high concentration  ef

dopamine stimulates  DH  secretion  in the silkworm

pupal Br-SG  while  inhibits PTTH  secretion  fi;om

cabbage  armyworm  brains.

GBP  AND  CBP  HOMOLOGS  IN  INSECTS
                      '
  Since GBP  was  fbund in R  separata  larvae in

1990, more  than 10 homologous peptides have
been reported  as the factors responsible  fbr differ-
ent  functions, such  as  paralysis induction (Skinner
et al., 1991, 1993), hemocyte stimulation  (Clark et

al., l997; W  et al., 1999), cell proliferatien
(Hayakawa and  Ohnishi, 1998), and  cardioacceler-

ation  (Furuya et al., 1 999). All these peptides con-
tain 23-25 amino  acid residues, and  sequence  ho-
mology  between GBP  and  other  homologs  is ap-

proximately 80%  (Strand et  al., 2000; Aizawa  et

al.,  2001; Clark et  al.,  2001). The  structural  simi-

larities between these peptides strongly  suggest

that they  are  all members  of  a commen  peptide
family, yet ditTerent functions have been ascribed
to most  of  them  in the species  in which  they were

originally  identified. As mentioned  above,  we  have

demonstrated that 6BP  itself has multiple  func-
tions, such  as growth regulation  (Hayakawa, 1990,
1991), paralysis induction (Strand et  al., 2000), he-
mocyte  stimulation  (Strand et  al.,  2000; Matsu-
moto  et  al.,  2003), cell  proliferation (Hayakawa
and  Ohnishi, 1998) and  morphogenesis  (Tsuzuki et

al,, 2005a, b), Recent studies  using  various  deletion
mutants  of  GBP  demonstrated that the minimum

structure  of  GBP  containing  mitogenic  activity  is

2-23 GBR  whereas  that with  hemocyte-stimulation
activity  is 1-22 6BP  (Aizawa et al., 2001). Based
on  these observations,  it is reasonable  to expect
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156156lse
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proPP-isoZ-fuU-Cdaizou)  157
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.... ...........GT[TTTTCTGATT[AGTG[AACGT
...........-..-.-......-.--......-.-GT[TC"CTAAV[AGTGCAACGT
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18e18ez4e
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 Fig, 4. Alignment  of  BoniEuK tnori  paralytic peptide genes (GBP orthologous  genes). The underlined  C-terminal scquenccs  are

active  paralytic peptides, The sequence  designated as  
LCproPP-fu11"

 with  the ENF-amino  terminai was  determined by Kamimura  et

at, (2001 ), and  twe  othcr  homotogs with  DNF-amino  terminals were  identified by BLAST  searches  of  the Bomt)ar tnori  gcnornc
database fbrthis sequence.
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that the multifunctional  properties of  GBP  are  me-

diated by different types ofGBP  receptors,

  One  question concerning  GBP  has long re-

mained  unanswered;  whether  this peptide family is
specific  to lepidopteran insects, because all family
members  have been fbund only  in Lepidoptera.
This question was  answeredjust  recently by identi-

fying sirnilar cytokines  in Diptera (Hayakawa,
2003). Although the primary structures  of  the cy-

tokines in dipteran insects are  not  highly homolo-

gous to those of  lepidopteran GBP  and  its ho-
melogs,  their biological functions seem  to be con-
served,  Further, BLAST  searches  of  the BomLvix
mori  genome  database for GBP  revealed  two novel

GBP  homologs whose  amino  terminal sequences

are Asp-Asn-Phe- (D-N-F-) (Fig. 4). Although
GBP  and  its homologs  were  designated as  the ENF

peptide family, as  mentioned  in the Introduction,
the name  is unsuitable.  However, we  believe that

insect cytokines  with  similar  multifuntions  should

be categorized  into the same  family and  that they

occur  broadly throughout  insect species,

REFERENCES

Aizawa,  T., Y  Hayakawa, K. Nitta and  K, Kawano  (2002)
   Strueture and  actMty  of  insect cytokine  GBP  which  stim-

   ulates  EGF  receptor.  Mbl. CetLy 14/ 1･-8,
Aizawa, T,, Y. Hayakawa, A. Ohnishi, N. FLljitani, K, D. C]ark,

   M.  R. Strand K. Miura, N. Koganesawa. Y. Kumaki. M.

   Demura, K, Nitta and  K, Kawano  (2001) Structure and

   activity  of  the insect cytokine  growth-blocking peptide.
   X  Biol. Chetn. 276: 318l3-3 1818.
Andersen, S. O., K. Rafu, T. N. Krogh, R Hqjrup and  R Roep-

   storff  (1995) Comparison of  larval and  pupal cuticular

   proteins in fenebrio motitor,  lnsectBiochem. Mol. Biol,
   25: 177-187.
Beckage, N. E. (1985) Endocrine interactions between en-

   doparasitic insects and  th¢ ir hosts. Annu. Reza Entomol.
   30:317-413.
Clark, K, D., L. L, Pech and  M, R. Strand (1997) Isolation

   and  identification of  a plasmatocyte spreading  peptide
   from hemolymph  ofthe  lepidopteran insect Pseudopiusia
   inctudens. J  BioL (IPiem, 272: 23440-23447.
Clark, K. D., B. F. Nblkman, H. Thoetkiattikul, D. King, Y/

   Hayakawa and  M, R. Strand (2001) Alanine-scanning

   mutagenesis  of  ptasmatocyte spreading  peptide identifies

   critical  residues  fbr biological activity.  X BioL Chem.
   276i18491-18496.
Davis, J. P. and  R. M. Pitman (l991) Characterization ofre-

   ceptors  mediating  tbe action  of  DA  en  an  identified in-

   hibitory motoneurone  of  the cockroach.  Z Exp. Biot.
   155[203-217,
Downer,  R, G. H,, G. L. Orr, J. XM D. Gole and  I. Orchard

   (1984) The rote  ofoctopamine  and  cyclic  AMP  in regu-

   lating hormone release  from corpora  cardiaca  of  the

   American cockroach.  J. Insect Phvsiol. 30: 457-462.

Eswarakumar, V  R, I. Lax and  J. Schlessinger (2005) Cellu-
   1ar signaling  by fibroblast growth factor receptors.  q,-
   tokine Gtoit,th fuctorRev, 16/ 139-149.
Evans, P D. (1980) Biogenic  amines  in the  insect nervous

   system.  Adu  insectPJu,siol. 15/317-473,
Furuya, K., M.  Hackett, M,  A. Cirelli, K. M.  Schegg,  H.

   Wang, J. Shabanowitz, D. F. Hunt  and  D, A. Schooley

   (1999) A cardioactive  peptide t'rom the southern  army-

   worm  SPodoptera eridanta.  1kptides 20: 53-61,

Gade, G,, K, H. Hofimann  and  J. H. Spring (1997) Hor-

   monai  regutation  in insects: facts, gaps, and  ftLture direc-

   tions. PltysioLRev,77:963-1032.
Geldstein, R. S. and  j. M. Camhi (1991) Different effects  of

   the biogenic amines  dopamine, scrotonin  and  octopamine

   on  thc thoracic and  abdominal  portions of  the  escape  cir-

   cuit  in the cockroach.  J  Comp,  PitysioL A  168: 103-

   112.
Granger, N. A,, J. D. MacDona]d  M.  Menold  R. Ebersohl, K.

   Hiruma, C. L. Cann and  L  M. Riddiford (1994) Evi-

   dence ofa  stirnulatory  effect  ofcyclic  AMP  on  corpus  a]-

   latum activity  in Manduca  sexta.  MoL  Cell, Endoc'rinol.
   103I 73-80,

Granger. N. A.. S. L. Sturgis, R, Ebersohl, C, X, Geng  and  T.

   C, Sperk  (1996) Dopaminergic  control ofcorpora  allata

   activity  in the larva] tobacco  hornworm, Mdndiica  sexta.

   Arch. Insect Biochem. Phvsiol. 32/ 449-466.
Hammeck,  B, D, (1985) Regukation  juvenile hormone  titer:

   degradation. In &)ml)rehensive jnsect Ph.vsiotogr,, Bio-

   chetnisto'  and  Pharma('ology,  Vbl. 7 (G. A. Kerkut and

   L. I. Gilbert eds,),  Pergamon  Press, Oxforct pp. 431-
   472.

Hanada,  T. and  A. }bshimura  (2002) Regulation  ofcytokine

   signaling  and  inflammation,  Cl),tokine Growth fuctor
   Rev, 13: 413-421,

Hayakawa. Y  (1990) Juvenite hormone esterase  activity  re-

   pressive factor in the plasma of  parasitized inscct larvae.

   J  BioL Chem. 265: 108]3-10816.
Hayakawa,  Y/ (1991) Structure ofagrowth-blecking  peptidc
   present in parasitizcd insect hemolymph. J  BioL Chem.
   266: 7982-7984.

Hayakawa,  Y  <1992) A  putative new  juvenite peptide hor-

   mone  in tepidopt6ran insects. Biochem. Bioph},s. Res.
   Commun.  185: 1141-1147.

Hayakawa, Y. (1995) Growth-blocking peptide: an  insect

   biogenic peptide that  prevents the onset  ef  mctamorpho-

   sis.  J JnsectPhysioL41:1-6.
Hayakawa,  Y. (2003) A  novel  cytokine  isolated from the he-

   molymph  of  the blowflM Lucitia cuprina.  Zbol. Sci. 20/
   1597,

Hayakawa.  Yl and  A.  Ohnishi  (1998) Cell growth activity

   ef  growth-blocking  peptide. Biochem. Biopdy,s. Res.
   thmmun,  250: 194-199.

Hayakawa,  Y., A, Ohnishi and  Y/ Endo  (1998) Mechanism  of

   parasitism-induced etevatien  of  hacmolymph  growth-
   blocking peptide levels in host insect larvae (Pseudaletia
   sevJarata).  J insect Pfp,siot, 44: 859-866.
Hayakawa. Y/, A. Ohnishi, A. Yamanaka, S. Izumi and  S.

   Tbmine  (1995) Molecu]ar cloning  and  characterization



Japanese Society of Applied Entomology and Zoology

NII-Electronic Library Service

JapaneseSociety  ofApplied  Entomology  and  Zoology

Insect Cytokine Growth-Blecking Peptide S53

    of  cDNA  for insect biogenic peptide, growth-blocking

    peptide, EEBS  Lett. 376: 185-189.
Hayakawa,  Y. and  Y/ Yhsuhara (1993) Grewth-bloeking pep-

    tide  or  polydnaN'irus effects  on  the last instar larvae of

    some  insect species.  Insect Biochem, MbL  BioL  23:

    225-231.
Hopkins,  T. L,, T, D. Morgan  and  K. J. Kramer (1984) Cate-

    cholamines  in hemolymph  and  cuticle  during larvai,

    pupal and  adult  development of  Mbundttea sexta  (L.). In-

    seet  Biochem.  14: 533-540.

Kamimura, M.. Y  Nakahara,  Y/ Kanamori, S, Tsuzuki,  Y/

    Hayakawa  and  M. Kiuchi (2001) Molecular cloning  of

    silkworm  paralytic peptide and  its developmental regula-

    tion. Biochem.  Bioph.vs, Res. Commun.  286: 67-73.

Klagsbrun, M.  and  A. Eiehmann  (2005) A  role  for axon

    guidance receptors  and  ]igands in blood vessel  develop-

    ment  and  tumor  angiogenesis,  Clytokine Gtvwth  Factor

    Rev. 16: 535-548.

Kopec,  S. (1922) Studics on  the necessity  of  the  brain forthe

    inception of  insect metamorphosis.  Biol. Bull. 42:

    323-342,

Lan'rence, R O. and  B, Lanzrein (1993) Horrnonal interac-

    tions between insect endoparasites  and  their host insects.

    In fuiusites and  futhogens qfJhsects (N. E. Beckage,  S.

    N. Thompson  and  B. A, Federiei eds.),  Academic Press,

    New  
'fork,

 pp. 59-86,

MartLn, R. J,, B. A, Bailey and  R. G. H. Downer  (1984)
    Analysis  of  octopamine,  dopamine, 5-hydroxytryptamine

    and  tryptophan  in the brain and  nerve  cord  of  the Ameri-

    can  cockroach.  In IVburobiology ofthe Tlace Amines  (A,
    A. Boulton, G. B, Bakcr, W  G. Dewhurst and  M.  Sandler

    eds.).  Human  Press, Clifton, pp, 91-96.

Martjnez-Ramirez, A. C,, J. Ferre and  E J. Silva (1992) Cat-

    echolamines  in Drosophita melanogaster:  DORA  and

    dopamine accumulation  during development. Insect

    Biochem.  Mbl.  Biol. 22i 491-494,
Matsumoto.  Y,  Y, Oda, M. Uryu and  Y, Hayakawa  (2003)
    lnsect cytokine  growth-blocking peptide triggers a  tcrmi-

    nation  system  of  cellular  imrnunity by inducing its bind-

    ingprotein. JBiol, Chem.278:38S79-38585.

 McGeachy,  M.  J. and  S. M. Anderton (2005) Cytokines in

    the induction and  resolution  of  experimentat  autoimmune

    encephalomyelitis.  Otoin'ne32:81-84.
Muskavitch, M.  A. and  E  M, Hefftriann (1990) Homologs  of

    vertebrate  growtb factors in Drosophila metanqgaster  and

    otherinvertebrates.  Curn 7op, Dev. Biot. 24: 289-328,

Neuman-Silberberg, E  S, and  T, Schupbach (1993) The

    Drosqphita  dorsoventral patterriing gene gurken produces
    a  dorsally localized RNA  and  encodes  a  TGF  alpha-like

    protein, Cell75:165-174.

 Nijhout, F. H. (1994) Jitsect Hormones. PrinstonUniversity

    Press, Prinston, 267 pp.
 Noguchi, H, and  Y. Hayakawa  (1996) Mechanism  of  para-

     sitism-induced  elevation  ofdopamine  levels in host insect
     larvae, insectBiochem.  Mol. Biol. 26: 659-665.

 Noguchi, H. and  Y/ Hayakawa  (1997) Role of  dopamine at

     the onset  of  pupal diapause in the cabbage  arrny  worm

     Mamesttu  brassicae. FEBSLett.413: 157-161.

 Noguchi.  H, and  Y, Hayakawa  (2001) Dopamine  is a  key

    factor for the induction of  egg  diapause  ofthe  silkworm,

    Bombyx  mori,  Eut: .1 Biochem.  268: 774-780.

Noguchi, H,, Y. Hayakawa  and  R. G. H. Downer(199S)  Ele-

    vation  of  dopamine levels in parasitized insect larvae.

    Jhsect Biochem. Mbl. Biot, 25: 197-201.

Noguchi, H., S, Tsuzuki, K. Ibnaka.  H, Matsumoto,  K.

    Hiruma  and  Y. Hayakawa (2003) Isolation and  charac-

    terization of  dopa decarboxylase cDNA  and  the induction

    of  its expression  by an  insect cytokine,  growth-b]ecking

    peptide in Pseudaletia sepatuta.  insect Biochetn. MbL

    Biol.33:209-217.
Ohnishi, A., Y. HayEikawa, Y/ Matsuda,  K, M,  Kwen,  T. A.

    Takuhashi and  S. Sekiguchi  (1995) Growth-blocking

    peptidc titer during larvat development ofparasitized  and

    cold-stressed  arrnyworm.  insect Biochem.  MbL  Biol,

    25:1121-1127.
Orchard I. (1984) The rolc  of  biogenic amines  in the regula-

    tion ofpeptidergic  neurosecretory  cells.  In insect Neuro-

    chemist-,  and  Nbumph.vsiology (A. B, Borkevec  and  T. J.

    Kel!y eds,),  Plenum  Press, New  
irbrk,

 pp. 115-134.

Pedersen, B. K. and  L, Hofiiman-Goetz (2000) Exercise  and

    the immune  systein/  regulation,  integration, and  adapta-

    tion, PhvsioL Rev. 80: 1055-1081.
RafftrM L. A. and  D. J, Sutherland (1999) TGF-Family  sig-

    nal  transduction in Drosophita devclopment/ from Mtid to

    Smads, Dev. Biol, 210: 251-268.

Sarejini, R., R. Nagabhushanam  and  M, Fingerman  (1995a)
    Dopamincrgic and  enkephalinergic  involvement  in the

    regulation  of  blood glucose in the red  swamp  crayfish,

    Procarnhat'us ctarkii.  Gen, Conu), Endocrinot.  97: 160-

    170.
Sarejini, R., R, Nagabhushanam  and  M, Fingerman C1995b)
    Jh vitro  inhibLtien by dopaminc of  5-hydroxytryptamine-

    stimulated  ovarian  rnaturation  in the red  swamp  crayfish,

    Prvcambarus clarkii. Eu)erientia Sl: 156-158.

Sato, Y., M. Oguchi, N. Mcajo, K. Imai, H. Saite, M. Ikeda,

    M.  Isobe and  O. Yamashita (1993) Precursor poiypro-

    tein for multiple  neuropeptides  secreted  from the sub-

    oesophageal  ganglion of  the silkworm,  Bomto"  mori:

    characterization  of  the cDNA  encoding  diapause hor-

    mone  precursor and  identification of  additienal  peptides,
    P,vc. IVbtL Acad. Sci. [Ist4 90: 3251-3255.

 Schweitzer, R., M, Shaharabany, R. Seger and  B, Z. Shilo

    (1995) Secreted Spitz triggers the DER  signaling  path-

    way  and  is a  limiting component  in embryonic  ventral  ec-

    toderm  determination. Genes Dev. 9: 1S 18-1529.

 Shilo, B, Z. and  E. Raz  (1991) Devclepmental control  by the

    Drosophita  EGF  receptor  hemolog DER.  7}ends 6enet,

    7: 388-392.

 Shin, S. H., E Si, A. Chang  and  G, M. Ross  (1997)
    Dopamine  requires  ascorbic  acid  to be the prolactin rc-

    lease-inhibiting factor. Am, X PIu,siol. 273: E593-598.

 Skinner, W  S., R A, Dennis, J. P. Li, R, W  Surnmerfelt, R. L.

     Carney and  G. B. Quistad (1991) lsolation and  identifi-
     cation  of  paralytic peptide from hemolymph  of  the lepi-

     dopteran insects Mlanduca sexta,  EPodqpteFu exigi{a,  and

     Hetiothis virescens.  X Biol, Chem. 266: 12873-17877.

 Skinner, SM S,, R A, Dennis and  G. B, Quistad (1993) Para-

     lytic peptides from hemolymph  of  the lepidopteran insect



Japanese Society of Applied Entomology and Zoology

NII-Electronic Library Service

JapaneseSociety  ofApplied  Entomology  and  Zoology

554 Y/  HAyAKA""

    7Pichoplu,s'ia ni. HUbner, Comp. Biochem. PhJ,siol.
    104C: 133-135.
Stranq M.  R,, YZ Hayakawa  and  K, D. Clark <2000) Plasma-

    tocyte spreading  peptide (PSPI) and  growth blocking

    peptidc (GBP) are  multifunctiona]  homologs. J. Insect

    Plo,siol. 46: 817-824.
Strana M.  R, andL.  L, Pech(1995)  Immunological basis for

    compatibility  in parasitoid-host relationship.  Annu.  Rev.

    Ento,not.40:31-56,
Thompson, C. S., K. T. Yhgi, Z, F, Chen  and  S. S. Tobe (1990)
    The  effects  of  octopamine  on  juvenile hormonc biesyn-

    thesis, electrophysiologM  and  cAMP  content  of  the cor-

    pora allata  of  the  cockroach  Diptoptem punctata, J

    Comp. Physiol. B  160/ 241-249.

Tsuzuki. S., S. Sekiguchi and  Y. Hayakawa  (200Sa) Regula-

    tion of  growth-blocking peptide expression  during em-

    bryogenesis of  the cabbage  armyworm.  Biochem.  Bio-

    pbys. Res. Commorn.  335: 1078-1084,
Tsuzuki, S,, S. Sekiguchi. M. Kamimura, M. Kiuchi and  Y

    Hayakawa  (2005b) A  cytokine  secreted  from the sub-

    oesophagea]  body is essential  for morphogenesis  of  the

    insecthead. Meeh,Dev.122:189-197.

Uryu, M., Y, Ninomiya.  T. Ybkoi, S. Tsuzuki and  Y. Hayakawa

    (2003) Enhanced expression  of  genes  in the brains ef

    1arvae of  Mdmestva brassicae (Lepidoptera: Nectuidae)

    exposed  to short  daylength  or  fed Dopa. Eun J

    EntomoL 100: 245-250.
Vinson, S. B. (1990) Physiological interactions betwe¢ n  the

    host genus lfeliothis and  its guitd parasitoids. Arch. fn-
    sectBiochem,  Phvsiol. 13: 63-8I.
Vinson, S. B. and  G. F. Iwantsch  (1980) Host regulation  by

    insect parasitoids. e. Reza Biol. S5/ 143-165.
Xu, W-H., Y  Sato, M,  Ikeda  and  O. Yimashita (1995)

    Stage-depcndent and  temperature-controlled expression

    of  the gene encoding  the  precursor protein of  diapause

    hormone and  pheromone biosynthesis activating  neu-

    ropcptide  in the silkworm,  Bomb)x  mori.  J Biol. C7iem.
    270i 3804-3808.
Ybungren,  O. M., G. R, Pitts, Y  Chaiseha and  M.  E, El Ha-

    laawani (1999) An  opioid  pathway in the hypothalamus

    of  the turkcy that stimulates  prolactin secretion.  Neu-

    tr)endocrinotog.v  70/ 3 17-323.
Yti, X,-Q. O. Prakash and  M, R. Kanost  (1999) Structure of

    a  paralytic peptide from an  insect. Manduca  sexta.  J

    Ru)tide Re,s', 54: 256-261 ,


