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ABSTRACT-The  effect  of  direct 5,7-dihydroxytryptamine (5,7-DHT) injection into the meduila  region  of the

optic lobe on  the locemotor activity was  investigated in the adult male  cricket, Gryitus bimacutatus. After a 6
hr phase advance  of a  iight-ctark cycle, the 5,7-DHT  iniected animals  needed  significant)y bnger tlme for
resynchronizatlon  to the new  cycle (6,55 ± O,62 days) than the control, Ringer's solution  injected anima[s

{3,17 ± O,15 days; P <  O,OOt, t-test). Lightinduced a  bout of actMty  {i.e,, rnasking  eftect) when  iight-dark

cycle  was  phase advanced  by 6 hr and  the  duration of  the masking  eftect was  sign}ficantly longer in 5,7-DHT

injected anirnals, An initial bout of the necturnal  actlvity was  significantiy greater in the 5,7-DHT  injected

animal,  Under constant  darkness, the treerunning periods of both groups were  not slgnMcantly  dMerent.

Under constant  light, a  significantly higher percentage of 5,7-DHT  injected animals  showed  arrhythmicity

compared  with  the control  group, An analysis  carrVed by high-pre$sure liquid chromatography  with  electro-

chemical  detection (HPLC-ECD) reveeled  that the serotonin  content  in the optic tobe was  significantly re-

duced to iess than 50%  in the 5,7-DHT iniected animals,  even  one  month  after the iniection, These  results

suggest  that serotonin  piays lmportant roles in the regulation  of circadian  locomotor rhythms  of the cricket

mainly  by regulating  the sensitivity of the photoreceptive system,

INTRODUCTION

   Serotonin(5-HT)isoneofthemajorbiogenicamFnesdis-
tributing wide)y  in the insect central  nervous  system  and  act-

ingasaneuromodu[atorandaneurotransmltter(Evans,1980;
Ntissel, 198B; Ali, ri997). Serotonim reportedly  p[ays impor-

tant ro)es in the circadian  system,  Muszynska-Pytel  and

Cymborowski <1978a, b) tound that there is a  distinct correla-

tion between 5-HT level in the brain and  intensity ot locomo-
tDr actLvity  during the course  of 24  hr in the cricket, Acheta
dornesticusi The lowest Ievel in the brain and  hemolymph was

tound just after fights-off when  the actMty  was  highest, In cock-
reaches,  Page (1987) showed  that 5-HT treatment of  the op-

tlc lobe phase shitts the cl rcadian  rhythm  in a  phase  dependent

manner.  In the  cricket  optic  lobe, the circadian  rhythm  of sen-

sitMty  of visual  interneurons has a good correlation  to the 5-
HT content  in the optic bbe, in that the sensitivity is highest
when  the 5-HT content  is higher (Tomioka et aL, 1 993). More-
over,  injecting 5-HT into the fiy's optic  lobe partly mimics  the

daily change  in the axonaL  size  of the lamina monopolar  cell

L1 (Pyza and  MeinertzhageR, 1996; Meinertzhagen and  Pyza,

1 996). Howeve  r, it is still Largely unc[ear  how  the serotonergic

system  is invofved in the circadian  system  in insects.

   One  of the powerful strategy  to approach  this issue is

'
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to reduce  5-HT  content  by speciiic  neurotoxins,  5,7-dihy-

droxyt ryptamine  (5,7-DHT) is one  of such  neurotoxins,  causing

selective  degeneration o{ serotonergic  neurons  (Sinhababu
andBorchardt,1988),lnmammal$thistoxinhasbeenalready

used  to study  the moditication  ot  circadian  rhythms  {Morin
and  BIanchard, 1991 ; Meyer-Bemstein  and  Morin, 1996; Ohi
et at., 1988; Smale  et ai., 1990). In hamsters, it has been
shown  that 5,7-DHT  increases the duration of the nocturnal

activity phase in light to dark cycle  {LD), Ienghtens the iree-
running  period of the locomotor rhythms  under  constant  light

(LL), and  magnifies  the phase delay region  in the phase re-

sponse  curve  (Morin and  BIanchard, 1991; Meyer-Bernstein

and  Morin, 1996). Serotonin immunohistochemistry  showed

an  approximate  90%  loss of ceHs  trom the dorsal rhaphe
nucleus  (Morin and  Blanchard, 1991), These results suggest
that the serotonergic  system  modulates  the tonic and  phasic

actions  of light on  the hamster circadian  system.

   Recent)y, 5,7-DHT was  found to be effective ajso  in in-
sects. Pyza  and  Meinertzhagen  "996) injected 5,7-DHT  di-
rectly Lnto the optic lobe of the biowfly and  found ihat it reduced
the rnean  axon  size of Ll and  L2 cells. The fact stirnuiates us

to use  this drug to investigate the role of serotonin  in the cir-
cadian  rhythm  regulation  in the crlcket, Gryllus bifnacuJatus,

We  injected 5,7-DHT dlrectly into the pacemaker  locus, the

medulia reglon  of the optic lobe. Like in hamsters, in the in-

jected anima)s,  the nocturnal  activity was  longer and  the llght
induced actMty  bursts were  more  prominent, On 6 hr advance
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of the 12 hr Iight to 12 hr dark cycle  (LD 12: 12), the 5,7-DHT
injected animals  needed  signiflcantly longer transients for
reentrainment  to the new  cycle. Taken together, it is likely
that, in crickets, serotonin  is involved in the regulation  of the

sensitivity to Light, in photic entrainment  mechanism  and  in
the control  of the duration of  the nocturnal  activity as  in mam-
mals,

MATERIALS  AND  METHODS

Animals

   All experiments  were  perfermed with  intact, adult male  crickets,

Gryrnus bimaeutatus, obta[ned  irom our  laboratory cotonies,  which

were  maintained  at 25 ± e.50C in a 12 hr light and  12 hr dark cycle
(LD12/12/ light 06/OO-18/OO,  Japanese Standard Time, JST), To
prevent any  interindividual sound  communication,  one  forewing was

removed,Oneopticlobeofthecricketswasalsoremovedju$tbefore

the activity recording  was  started, because, in crickets, one  optic  lobe

is enough  to create  the rhythm  (Okada et al., 1991). The methed  tor
the surgery  has been described elsewhere  {Tomioka and  Chiba,
1989),

Co (St, Louis, Mo, USA}, Standard solution  ef serotonin  sulfate cem-

piex and  other  biogenic amines  as  well  as  the mobile  phase were
made  as  described in Nagao  and  Tanimura (1 988), in briet, the mo-

bite phase  contained  O,18 M  monochbroacetjc  acid, O.16 M NaOH,
50 pM ethylenediaminetetraacetic acid  CEDTA} disodjum, with  1,85
mM  $edium-1-octanesulfenic  acid  (SOS) as  the ion pair reagent  and
8.5% {v!v) CH3CN  as  the erganic modifier, The pH  was  adjusted  to

3,6 by an  addition  of  NaOH.  The HPLC  system  consisted  of a  solvent

delive ry pump, an  injection valve  (Rheodyne), a Ct8 reversed-phase
column  (250 mm  × 4,6 mm,  5 pm  average  particle size)  placed in a
ce]umn  oven  (Sugai, U-620). An  electrechem]cal detector with  a car-
bon graphite electrode  (Eicom, WE-3G)  was  used, The detector po-
tentialwassetatO.7VversusanAgtAgClreferemceelectFode,Signals

from the electfochemical detector were  recortied  and  Lntegrated by
computer  (Waters, Data station  805). Comparing with  standards  the
concentration  ot biogenic amlnes  in the optic lobes were  measured

for5,7-DHTinjectedanimalsandRingers-solutioninjectedanimals,
The results  were  calculated  in pmofloptic lobes (mean ± SD),

Statisticalanatysis
   The difference between  mean  values was  statistically anaiyzed
with  two-tailed Student's Nest  or by x2-analysis. Significance was

¢ onsidered  at P <  O,05,

Activity recording

   The  animals  were  keptindividually in an  activity  chamber  wjth

rocking  substratum  whose  movement  caused  by a  moving  animal

was  sensed  by a  magnetic  reed-switch  connected  to a computer  for
data storage,  The signals  of the movement  were  summed  every 6
min.  Feod  and  water  were  available ad  fibitum ana  the temperature

was  kept censtant  at 25  ± O.50C. Light dark cycles and  censtant iight
were  given by a  15 W  cool  white  fluorescenHamp controlled by an
electric  timer, The  light intensity at the chamber  was  about  250  lux,

lnjection

   Male crickets with  one  optic  lobe removed  and  with  a  clear  noc-

turnal rhythm  were  fixed on a platierm and  anesthetized  by a  continu-

ous  flow of  C02 to prevent high efflux  of hemolymph.  With a  flne razor
knife, a small window  was  cutin  the head capsule  to expose  the optic
bbe, 32,2 nl of 5,7-DHT (creatjnin-sulfate salt, Sigma) soeution  or  in-

sect  Ringees solution  (Helden, 1960)  was  then injected into the me-
dulla ot the optic jobe with  a glass micropipette, broken to a  tip
diameter of 5-1O vm,  using  a  micromanipulator  {Narishige, M-3333)

and  a  nano]itei  iniector (WPI, A203XVY}. The concentratson  of 5,7-

DHT  was  O.5 mM  and  dis$olved in RInger's solution containing  O, 1 Vt.

ascorbjc acid,  The injection was  performed betvveen 7:OO  and  9:OO
(JST),

Dataanalysis

   Locomotor  records  of individuals were  double plotted in a con-
ventional  manner  by computer  with  a resolution  of 6 min,  The
freerunning period o"ndividuals  was  determ]ned  by the chi-square
periodogram(SokeloveandBushell,197B).Valuesareexpressedas
mean ± SEM,

Mea$urements  of biegenic amines

   By means  ef high pressure liquid chromatography  (HPLC;
Eicom,EP-1O}withelectrochemicaldetection(ECD;Eicom,ECD300)
the Ievels ef serotonin, dopamine and  their metabelltes  (N-
acetyldopamine,N-acetylseretonin,5-hydrexyindole-3-aceticacid/5-

HIAA),inasingleopticlobeweremeasuredattheendofexperiments.
The injected optic  lobes were  dissected quickly and  placed in
30 ,ul of  ice-celd O.1 M  perchloric acid containing  100  nglml  3,4-
dihydroxybenzylamide (DHBA) as an interna) standard, The sample
was  homogenized and  centrifuged  at 12,OOO x  g for 30 mjn  at  40C,
The  supernatant  was  directly injected to the HPLC  column  or stored
at-80'Cunti1use.Al1chemicarswereobtainedfromSigmaChemicat

RESULTS

Period under  DD  and  LL

   The locomotor activjty of  12 5,7-DHT injected and  11

Ringer's injected animals  was  recorded,  They were  heid in
LDI2i12  for the first three or four days, then transferred to
constant  darkness  (DD) amd  subsequently  to LL at 6iOO on
day 17 or 18, Figure 1 shows  representative  act[vity records

for Ringer's injected (Fig. 1A) and  5,7-DHT injected (Fig. 1 B)

animal$,UnderDD,thefreerunningperiodof5,7-DHTinjected

animal$  was  23,55 ± O,1 1 hr, which  was  slight)y shorter, but
not significantiy different trom that of  Ringer's-injected ani-
mals  (23.79 ± O,21 hr), Under LL, BO%  ot 5,7-DHT  injected
animals  showed  arrhythmicity:  the ratio was  signifjcantly

greater as  compared  with  the control, Ringer's injected ani-

mals  (18%, P <  O,Ol, x2-test), ln 5,7-DHT injected animals,

the duration of initial intense nocturnal  actMty  became longer
in a  tew days afteF the jnjection (Fig. 1B): The  average  dura-
tion of the first nocturnal  bout was  4,05 ± O,35 hr which  was

signMcantly)ongerthanthatofthecontrolanimals(t.63 ±O.07
hr; P <  O,eOl, t-test).

Resychronization and  masking  effect

    The resynchronizability  to a  6 hr shifted  LD was  exam-

jned in 21 animals  injected yvith 5,7-DHT and  16 animais  with

Rimger's-solutjon, Three days after the injection, the LD  cycle

wasphaseadvancedby6hr(Iights-onO:OO,lights-off12:OO),

by shortening  the dark phase, Figure 2 shows  representative

activity records  for a  Ringer's jnjected animal  (Fjg. 2A> and  a

5,7-DHTinjectedanimal(Fig.2B}.Afterthe6hradvanceshift,
theRinger'ssolutioninjectedanimalsneeded3,17± O.15days

until resynchronization  to the new  LD cycle. The animals  in-

jected with 5,7-DHT, however, needed  6.55 ± O.33 days and
the entrainment  was  not so robust i" comparison  with the con-

trol animals,  The difference in numbers  ot transient cycles
was  statistically significant {P <  O.OOI, t-test). Two  5,7-DHT
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Fig, 1, Locomotor rhythms  of crickets  ln]ected witin Ringer's-solution (A) or  5,7-DHT  (B) on  the first day and  transierred to constant  darkness

(DD} and  subsequently  te constant Iight (LL). Under DD  beth anLmals  freeran with  a period shorterthan  24 hr. Under LL the Ringer's injected
animal  (A) freeran with  a per] od  longerthan  24  hr, while  the 5,7-DHT  injected animai  (B) showed  no  c]ear  rh  ythm. Black  and  white  bars  imdicate

jight (white) and  dark Cblack) portions, respectively.

injected animals  needed  more  than 12 days for the reentrain-
mentto  the new  cycle.

   Duringthetransientcyclesthemaskingeffectwasclearly

induced at lights-on, where  the late subjective  nlght phase
was  exposed  to light. The  light lnduced masking  effect was

sLgnificantly greater in the 5,7-DHT  injeeted animals/  The  du-

ration  of masking  activity in the iniected animals  were  signifi-

cantlylongerthanthatofRinger'sinjectedcontrols(P<O,OO1,

t-test) from the first day of  phase-$hift untli the fourth day when
the phase shifts almost  completed  in the control animals  (Fig.

3). 1n the $teady  $tate  entrainment  to the shifted LD, the initial
bout oi nocturnal  activjty persisted for 1,29 ± O.3 hr in the
Ringer's solution injected animals,  whereas  in the 5,7-DHT
iniected animals  it continued  for 3,34 ± O.21 hr, being signiti-

cantly  longer {P <  O,Ol, Ftest),

Biogenic amine  coneentration

   The biogenic amine  concentration  in the optic lobes of
5,7-DHT iniected and  Ringer's-iniected animais  wa$  signiti-

cantly different only foF seTotonjn.  As  shown  in Fjg. 4, the con-
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Fig. 2. LocomDtor  rhythms  of crlckets injected with  Ringer's solution  (A} or  5,7-DHT  (B) on  theday  Indicate by x. Three ciays afterthe injectsen,
indicated by PS  the animals  were  transterred to a6  hr advaneed  LD cycle.  The Ringer's injected animal  (A) needed  3 days until enttained te the
new  cycle,  while  the 5,7-DHT  inlected anlmal  {B) needed  7 days, Tne ljghts-on induced masking  effect  was  more  prominent in the 5,7-DHT
injected animai, For further expianations see  Fig, 1 and  text,

centratlon  of serotonin  was  2,85 ± O,B8 pmolloptic lobe in the
5,7-DHT injected animals,  which  was  significantiy  iower than

that of Ringerds injected animals  (6,43 ± 1 .07 pmolloptic lobe;
P <  O.OOI, t-test), The  concentrations  of N-acetyldopamine,
dopamine,  5-HIAA, N-acetylserotonin were  similar in both

groups,

D)SCUSSION

Selectlve reduction of serotonin

   Animalswith5,7-DHTinjectedintotheopticIobeshowed

the iocomotor rhythm  c]early  different from that of RLnger's
injected animafis. Direct injeetion ot  the chemical  into the me-
dulla region  ot cricket's optjc lobe resu[ted  in signiticant  re-

duction of serotonin  ievel in the tissue without  apparent  dam-
age  to the dopaminergic system.  The  serotonin  eevel was  re-

duced to 50%  of that in the Ringer's injected animals  when

examined  4 weeks  after the injection, Preliminary results

showed  that it was  even  reduced  to nearly  20%  of that of the

control 2 days after the injection (Germ, unpublished  data).
However, the content  of serotonin  in the braLn did not  change

signifjcantly atter the injection ot 5,7-DHT  into the optic  Iobe

(Germ, unpublished  data). Since tlte content  of dopamine  as

well  as  metabolites  ot dopamine and  serotonin  were  at the

simjlar level, the change  in locomotor rhythms  would  be at-
tributable to the reduced  level of serotonin in the optic Iobe,
although  we  sheuld  carefully examine  other  biogenic amines

in the future study.
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Fig. 3. The  daily dura-on {mean ± SD) of the ljght induced activity

(masking effecD after the 6 hr phase  advance  tor Ringer'$ injected
cricket$  (white co)umns)  and  for5,7-DHT  injected crickets (bjack col-

umns>,n=16-2t:"',P<O,OOI,

8

.e7o:t6aos.55Ea=4t-=o･.-.

 39E82=oOl

   o
        NADA  DA  5-HIAA  NA.5HT 5.HT

Fig. 4. The cencentration (mean ± SD) ef biogenic am,nes  mea-

sured  by HPLC･ECD  in the optic  Iobes oi Ringer's solution  iniected

angmals  (white columns)  and  5,7-DHT injected anima)s  (black col-

umms>,  NADA,  N-acetyldopamine: DA, depamine/ 5-HPAA, 5-

hydroxyindole-3-acetic acid:  NA-5HT,  N-acetylserotenln:  5-HT,
5-hydroxytryptamine, $erotonLn.  n  ± 14-18; H',

 P <  O.OOI,

Role  of serotonin  in the circadian  system

   The  fact that the treerunning period under  DD  is not sig-

niticantly different between  5,7-DHT injected anlmals  and

Ringer's iniected controls  suggests  that serotonin  is not  a

necessary  component  for the generation of  ci rcadian  rhythm.

However,  it seems  to have important roles in the circadian
system.  The  present study  revea]ed  that reduction  ot seroto-

nin in the optic  lobe resulted  in 4 malor  effects/ the longer

transient cycles  for resynchronization,  the greater masking
eftects of 1[ght, the ionger duration of  the initlal bout of noctur-

nal activlty, and  frequent arrhythmicity  in LL,

   The  5,7-DHT injected animals  showed  light-induced

masking  effects  significantly longer than the control animals,

This intensified masking  effect may  be attributable to the re-
duced level of serotonin  in the optic lobe. There  are lines of

evidence  showing  that serotonin  is a  neuromodu)ator  in the

insect visual system  (Ntissel, 19B8), The  administration  of

serotonin  reportedly  reduces  the sensjtivlty ot visual interneu-
rons  not only  in the cricket (Tomioka et aL, 1993) but also  in
the honey bee <Kloppenburg and  Erber, 1 995). It is thus )ikely
that the reduced  Ievel of serotonjn  releases  the visual Inter-
neurons  from serotone  rgic inhjbitjon to cause  a  higher sensi-
tivFty to light which  would  eventuaHy  result in the higher
light-induced masking  effect, The higher percentage of

arrhythmicity  in 5,7-DHT  injected anima)s  under  LL also  sug-

gests the increased sensitivity  of  the visual  system,  since  the

cricket often  became arrhythmic  when  the illumination level

of LL was  increased (Tomioka and  Chiba, 1982),

   The  5,7-DHT injected animals  showed  the Longer initia)
bout of nocturnal  activity both under  LD and  DD  <Figs. 1 , 2).

In the cricket,  the center  tor generating the locomotor activity
is thought to reside  in the  central  brain and  it produces  the

rhythm  under  the regulation  ot  the optic  lobe pacemaker

(Tomioka and  Chiba, 1989), Since the 5,7-DHT  injection

seems  to affect the serotonin  content  only  in the optic Iobe, it

is thus )ikely that the prolonged first nocturnal  act[vity bout is

causedbytheincreasedoutputtromtheopticIobepacemaker,

ThLs hypothesis is also  supported  by the foliowing tacts. First,
when  serotonin  is injected into the haemoceal, the actMty  of

the injected anjmal  Fs substantialFy  reduced  (Okada and
Tomioka, unpublished  observation),  Second, the applicatLon

ot exogenous  serotonin  to the optic lobe compound  eye  sys-

tem  in vitro reduces  the neural  activjty in the optic stalk

(Tomioka, 1994). Slnce similar relatlonshlp  between the se-

rotoninlevelandtheIocomotoractivityhasalsobeenreported

for 5,7-DHT  injected hamsters  (Morin and  B[anchard, 1991},
the role of serotonergic  system  in regu]atlon  of locomotor ac-

tivity rnay  be common  among  insects and  vertebrate$.

   One  of our most  signifjcant flndings Ls that the 5,7-DHT
iniected animals  neected  signiticantly [onger transient cycles
untiltheirlocomotorrhythmswereentrainedtoa6hradvanced

LD. The  longer transients seem  to contradict  to our  hypoth-
esisthatthereducedlevelofserotoninincreasesthesensitiv-

ity of photoreceptive system.  One poss[be explanation  for this
is that serotonin  may  a ¢ t more  directly on  the circadian  pace-
maker  through a pathway distlnct from the one  for photic em-
trainment. There  are  numbers  of reports  showing  that the

serotonergjcsystemjsaphaseshiftingagentinducingaphase

response  curve  diHerent from the one  for light in the marine

gastropod Ap/ysia caJifornica (Corrent and  Eskin, 1982), in

the cockroach  Leucophaea maderae  {Page, 1987), in the
cricket Gryilus birnaculatus <Tomioka, 1994) and  ln the rat

(Prosser etal,, 1993).

   Masking actMty  may  also  contribute  to the longer tran-
slient cycle$.  It is reported  in mammais  that the iorced activlty

often causes  the phase shitts in a  phase dependent  manner

and  that it is the morning  phase during which  the phase delay
is inctuced (Reebs and  Mrosovsky, 1989), Although there is
no  report available for the feedback of actMty  to the pace-
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making  $ystem  in insects, the fact that, in 5,7-DHT injected
animals,  the longer masking  effects of lights-on always  ac-

companiedthe[ongertransientcyclesmaybealsointerpreted

by the phase-delay or deceleration of the circadian  rhythm,

The serotonergic  system  may  reduces  the sensitivity of the

photoreceptivesystemtosuppressthelight-induceduntimely
activity and  facilitate the reentrainment,
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