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Ocular Melatonin Rhythms  in a

     Zacco  platypus, Are Driven
Cyprinid Teleost, Oikawa
by Light-Dark Cycles

Masayukiligo"', M[tsuo Tabata2and Katsumi Aida3

        
'Departrnent

 ofAnatomy,  St, Marianna University School of  Medicine,

                      MiYamae,  Kawasaki 216, Japan

       
2Departrnent

 ofBiosciences,  leikyo University of  Science & fechnology,
                    Uenohara, lamanashi  409-OV, Japan
3Laboreitory

 of Aquatic Animai Physiology, Graduate SchooJ of  Agricutturai and  Liie Sciences,

               rv?e University of Tbkyo, Bunkyo, fokyo 1 13, Japan

ABSTRACT-Ocular  melatonin contents  in a cyprinid teleost, oikawa  Zacco piampus were  determined by
newly-devetoped  radioimmunoassay.  Under light-dark (LD) cycles  ot 12/12 hr, melatonin  levels in the oikawa
eye  exhibited  daily rhythms  with  highedevels  during the dark phase  than those during the light phase.
However,therhythmsdisappearedundereitherconstantlightcLL)orconstantdarkness<DD).Ocularmelatonin
contents  under  LL remained  at low levels while  those under  DD  kept high titers. These  results indicate ecular

melatomin  rhythms  in oikawa  are  driven not by a circadian  clock  but by LD cycles.

INTRODUCTtON

   The  pinea[ organ  and  the retina  of vertebrates  synthesize

melatonin  {Al-acetyl-5-methoxytryptamine), lt has been
demenstrated ln a number  oi species  that melatonin  levels in

the pjneai organ,  Iateral eye  and  blood exhibit marked  daily
rhythms,  with  high levels during the dark phase under  "ght-
dark {LD} cycles  (B[nkLey, 1987: Underwood and  Goldman,
1987; Yu and  Reiter, 1993). Two  enzymes,  serotonin  N-

acetyltransterase  (NAT) and  hydroxyindole-O-methyl-
transierase (HIOMT), are involved in melatonin  biosynthesis
irom serotonin  In the pineal organ  and  retina  (Binkley, 1987;
Underwood  and  Goldman,  1987/ Yu  and  Reiter, 1993). The

activity of NAT,  the rate-iimitlng enzyme,  oscillates and  controls

melatonin  production with  large amount  produced during the
dark phase. In nonmammalian  vertebrates,  both the pineal
organ  and  the retina have photosensitivity, and  iines of
evidence  suggest  the involvement of photoreceptor cells in
lndote metaboiism  such  as  metatonLn  biosynthesjs (McNulty,
t986; Wiechmann et al., 1988L Cahill et aL, 1991; Falc6n et

aL,1992,1994).

   Recent  studies  have  revealed  several  characteristics  of

the regulatory  mechanisms  of  melatonin  synthesis  in the
teleostean pineal organ.  Both in vivo  and  in vitro  studies  have

demonstrated that melatonin  secretion  from the pineal organ
ot  pike Esox  iucius, goldfish Carassius auratus,  white  sucker
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Catostornus commersoni,  and  zebfafish  Danio  rerio  are

regulated  by a circadian  dock located in the pineal organ  ltself

(Falc6n et at,, 1992; Zachmann et aL, 1992a; iigo et aL, 1994;
Cahill, 1996). A  recent  in vitro comparative  study  has also
demonstrated  the lnvolvement of  a  circadian  clock  in the

regulation  of melatonin  secretion  in the pineal organ  ot 8 fresh
water  and  6 marine  teleosts (BoRiet et aL, i996), However, in
the pinea[ organ  of rainbow  trout Oncorhynchus mykiss  and

masu  salmon  O. tnasou,  the circadian  regulatien  is Iacking

(Gern et  aL,  1992; ligo etaL,  1997b). Light, day Iength and

temperature  are  also  involved in the regulation  of  pineae
melatonin  rhythms  (Falc6n et  aL, 1992; Max  and  Menaker,
1992: Zachmann  et at,, 1992a,b; ljgo et ai., 1994: ligo and
Aida, 1995). These  results  indicale that the teleostean pineal
organ  is playing important roles  as  a  photoneuroendocrine
and  thermoendocrine transducer.

   Although existence  of melatonin  synthesizing  enzymes,

NAT  and  HIOMT, has been reported  in the retina of teleosts

(Quay, 1963: Wiechmann  and  Hollyfield, 1988/ Nowak  et at.,

1989: Falc6n and  Collin, 1991>, relative]y  Iittle is known  on

ocular  melatonin  rhythms  jn fishes and  only  a few data is

availabie. Ocular melatonin  exhibited  daily rhythms  under  LD

cydes  with  higher Ievels during the dark phase, and  circadian

rhythms  under  constant  darkness (DD) in plke, zebrafjsh  and

galdfish <Falc6n and  Collin, 1991; Cahill, 1996; liga et aL,

1997a). Whereas  in salmon[ds  such  as rainbow  trout and  brook

trout Satverinus lontinaiis, reversed  melatonin  profiles in the
retina with higher )evels during the light pha$e  under  LD cycles

have  been  reported  (Gern et  aX,, 1978; Zachmann  et  aL,
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1992b). Thus, no  consensus  has been obtained  on  ocu[ar

melatonin  rhythms  in tishes.

   In order  to obtain more  information on  melatonin  rhythms

in the teleostean eye,  in the present study, we  developeci a

new  sensitive  radioimmunoassay  {RIA) for melatonin  and

examined  ocular  melatonin  rhythms  in a cyprinid  teleost,

oikawa  Zk]cco ptatypus, under  LD  12il2, constant  light (LL)
and  DD,

MATERIALSANDMETHODS

Experimentai  fish

   The oikawa  (wild fish) were  caught  by fishing in Akiyama River,
Kanagawa, Japan. They were  reared in stoek tanks under  LD  12/12

{light on  06,OO-18,OO} at 22  ± 1OC  for at least three weeks  until use,

111uminatiofi (500 Fx at the water  surface>  was  supplied  with  a  white

fluorescent bulb (1O W)  for the light phase. Fish were  fed commercial
treutpellets.

Ocu,iar metatonin  rhythms  in the oikawa  under  LD 12: 12, LL and  DD

   Thirty oikawa  (7.6 ±O,4 g ln body  weight)  were  used  for melatonin
mea$urements  under  LD  12/12, Samples of the eyes  were  taken from
theoikawaevery4hrfrom16.00to12,OOunderLD12:12for6times,

   Thirty-five ojkawa  (9.6 ± O,5 g in bodv weight)  were  used  for
melatonLn  determinatlons under  LL, Light conditions  were  changed

from LD 12:t2 to LL at the normal  light offset  (18.00). Samples ef the
eyes  were  taken at 16,Oe under  LD 12:12 and  every 4 hr from 20,OQ
to 16.00 under  LL for 6 times,

   Sixty-five oikawa  (6.S ± O.3 g in body weight)  were  used  tor
me[atonin  analysis under  DD, Light conditiens were  changed  from
LD12/12toDDatthenormalnghtoffset(18.00}.Samplesoftheeyes
were  taken at  16.00 under  LD 12/12 and  eve  ry 4 hr under  DD  tor 12
times.

containing  50 mM  EDTA, 1OO gl} was  added  to each  vial, After
incubation tor addltional  24 hr at 4eC, vials we[e  centrifuged  (2,OOO x

g, 30 mtn,  40C) and  the supernatant  was  aspirated.  The precipitate
wa$  disso]ved in O.1N NaOH  (100 pl) followed by the addFtion  ot

AquasoF2 {2 ml;  Dupomt NEN, Beston, MA, USA},  RadioacMty  was

then determined with  a liquid scintillation  counter  (Aloka, Tokyo,
Japan),

   The specificity  of the RIA  was  evaluated  by determjning the
re lative potency of the melatonin  related  compounds  listed in Table
1 , We  first tested the inhibition of the [O-methyl-3H]melatonin binding
to the antibody by rne[atonin  related compounds  at 1O and  1OO ng/

tube leveis. When  s[gnificant  inhibition was  obtaLned, inhibitlon cu rves
for seriai two-told dilutioR of  the respective  compounds  were  drawn
and  50%  inhibition doses (ICse) were  calculated  by third-orcier
regressjonanalysisafterlog-Iogittransformatienotthedata.Thecress-

react]vity was  caiculated by deviding the lCsu of melatonin  by that of a
compound  tested.

   Cross-reactivilies of the anti-melatonin  serum  with  melaton}n-

rebatedcompeundsareshowninTable1.Theantiserumslightlycross-

reacted  with  2-jodomelatonio  (14,9%), 6-hydroxymelatonin (O,650!e)
and  N-acetylserotenln <O,098%). Other compoundsdid  not  show  any

appreciable  cross-reactivitjes  (< O, 025%). These results  indicate th at

the melatonin  R[A Ls highly specific tor melatenin.

ValidetionofRL4

   Fortheva1idationoftheRLA,parallelismandquantitativerecevery

studies  have been performed, Parallelism of the inhibition curves  ter
serial  two-fo]d dilution of the pooled eye  extract  and  the melatonln

standard  were  tested by parallel ljne assay  (2 x  3 points). As shown

in Fig, 1, the inhibition curve for serial two-fold dilution of the oikawa
eye  extract  was  paralle) to the curve  for the standard  melatonin,

   The relationship between the quantity of melatonin  added  (O -
102,4pgftube)tothepooFedeyeextract(containing1O.8pgmelatonin/

tube} and  the recovered  amount  was  analyzed  using  1inear regres$ion

analys[s, A  significant  corre!ation  was  obtained  between the two  [Y =

Samplingprocedure

   The  oikawa  were  aneslhetized  with  O.06% 2-phenoxyethanol,
After decapjtation, the eyes  were  dissected out  and  immediately frozen
on  dry ice, For the sampljng  ciuring the dark phase, fish weFe  caught

and  anesthetized  in the dark. Then,  a dim-red light was  turned on
during the eye  removai.  Samples were  $tored at -800C unt]1 further
processing. The eyes  we  re  thawed  and  jndividually homogenized with
a teflen headed-glass  homogenizer  (1O strokes> in 1 ml  et ice-cold

assay  buffer (1O mM  phosphate buffer containing  1 40 mM  NeCl and
O,i% sodium  azide,  pH  7.5; PBS) and  centrituged  at  30,OOO x  gfor
2e  mim  at 40C. Supernatants were  subjected to the R]A.

Table 1. Cross-reactivities ot the anti-melatonin  seFum

   <HAC-AA92-03RBP86) with  $e]ected melatonin-related

   compounds

Compound   ICm<ngltube)Cross-reactivjty

    (%)

RIA procedure
   A  new  $ensitlve melatonin  RIA  was  developed and  used  tor

determinationofocularmelatonincontents.Therabbitanti-melatonin

serum  (HAC-AA92-e3RBP86) and  antj-rabbit  T-g[obulin goat serum

(HAC-RBA2-05GTP91} were  supplied from Prof, K, Wakabayashl･,
Gunma  University IMaebashl, Japan>, Bovine serum  albumin  (BSA),
authentic meiatonin  and  related  compounds  were  purchased from
Sigma <St Louis, MO, USA), [amethyF-SH]Meiatenin (85 CilmmoO
was  obtained  from Amersham  Japan Limited (Tokyo, Japan),

   A  standard curve (1,6-204,8 pgftube) was  constructed by using
serial two-fold dUutions ot authentic melatonin  dissolved in PBS
containlngl%BSA{BSA-PBS),FortheinitiationofRIA,anti-melaton[n

serum  (1 /120,OOO  dilution with  PBS  containing  50 mM  EDTA  and  1 D/e

normal  rabbit  serum,  100  yl) and  [O-methyl-3H]melatonin
(approximately 1O,OOO dpm  in BSA-PBS, 1OO  pl) vvere  added  to test

tubes (Mil]j-3PP HD-polyprepylene LSC v]al, Lumac Lsc., Gron]ngen,
The  Netheriand) containjng  BSA-PBS  (1 Oe pL l) and  the standard  or

samples  (1OO ul) in duplicate or  triplicate. Atter incubation for 24 hr at
4CC, anti-rabbit v-globulin goat serum  (1/100 dilutjon with  PBS

Melatonin2-iodomelatonin

6-Hydrekymelaton]n
tV-Acelylserotonin
5-Methoxytryptamine
5-Methoxytrypiophol

5-Methoxyindote-3-aceticacid
Serotonin5-Hydroxytryptephol

5-Hydroxyindole-3-aceticacid
Tryptamine
Tryptophan
5-Hydroxytryptephan
Ai-Acetyltryptophan

5-Methoxytryptophan

lndole-3-aceticacid
5-Hydrexyindole
5-Methoxyindole

3-MethyEindole
No)-Methy[-5-hydroxytryptamine

5-Methoxy-N,  N-d-byptamine

 O.0251

 O,169
 3,8725.7

 a

 abbbbbbbbbbbbbbb

100

 14,9
 O.65
 O,098<O,025<O,025<O,025<O.025.O,025<O,025<O.025<O,025<O.025<O,025<O.025<O.025<O.025<O.025<O.025<O.025<O.025

a/ Less than 50%  inhibition at 1OO  ngftube,

b/ No inh[bltion at 100  ng,ttube.
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1 .029X - O.44 (r =  O.996, n =  8, P <  O,Oe1); X/ melatonin  added  (pgX
tube); Y/ melatonin recovereti  (pgftube)l (Fjg, 2),

  lntra-andinterassaycoefficientsofvariationettheRIAwere4,996

(n =  7) and  7.4% <n =  5) at  the 25.1 pgltube levei, respectively,  The

minimum  detectable Ievel defined as 2 SD  fram the buffer controls
was  1 .0 pgAube.

Statistics
  Ocular meiatonin  rhythms  uncier  LD  12/12, LL or  DD  were

analyzed  by one-wav  analysis  ot  variance  followed  by Duncan's
multip)e  range  test.

1OO

DILUTION  OF  OIKAWA  EYE  EXTRACT

        ×16 X8 X4  X2 Xl XO.5

RESULTS

Ocutarmeiatonin thythms under  LD  12;12

  Ocular melatonin  rhythm$  )n the oikawa  under  LD  12/12

are  shown  in Fig. 3, Meia:-onin contents  in the eye  exhibited

clear daily variations/ The melatonin  leve[s were  Iow at 16.00.
After the onset  of darkness, the levels increased and  kept
high titers during the dark phase, and  returned  to the basal
level atter the light onset,  Melatonin levels during the  dark

phase <20.00, OO.OO and  04.00> were  significantly hlgher than

those during the light phase (16,OO, 08.00 and  12,OO) <P<
O,Ol),
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MELATONIN  {pgltube)
Fjg. 1. ParaHel inhibition curves  of lhe melatonin  standard  {clesed
  circtes) and  the oikawa  eye  extract  (open circ]es),  Each  point
  represents the mean  of trlpicate determinatlon.

1OOO

800

600

400

200

o16
 20 O4

G  120nE-h.o

 1ooea!

 80yg

 ooxZ

 co2o-<

 modiEo

8 12

CLOCK  TeME  (hr)
Fig. 3, Ocular melatonin  rhythms  in the eikawa  under  LD  12/12. Each

  point represents  mean  ± SEM  of melatonin  contents  ifi the eye

  {n =  1O from 5 individuals). Each  time point comes  from different

  animals,  Solid and  open  bars along  the ×-axis represent  the dark

  phase and  the light phase, respectlvely,  Ocular melatonin  contents

  during the dafk  phase were  signlficanVy  higher than those during

  the light phase.
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F[g, 2, Recoverles  of rnelatonin  added  to the oikawa  eye  extract,

  Each point represents  the mean  ef lriplicate determination, The

  results obtalned  from ljnear regression  analysis  indicate there

  was  significant  correlation  between the amount  of melatonin

  added  (X-axis) and  that which  was  recovered  (Y-axis),
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Fig.4. 0c-larmeLatoninrhythms/ntheeikawaunde[LLEachpoint

  represents  mean  ± SEM  af  melatonin  contents  in the eye  (n =  1O

  from 5 individuals). Each  time poimt comes  from different an]mals.

  Open  bar along  the  X-axls repre$ents  the light phase. Ocular

  melatonin  contents  fa[)ed to show  any  rhythmiclty  and  remained

  at low ievels.
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Fig, 5, Ocular meiatonin rhythms in the oikawa  underDD,  Each point
   represents  mean  ± SEM  of  melatonjn  contents  in the eye  (n =  1O

   from5individuals).Eachtimepoimtcomesfromdifferentanimals.

   Sojid and  open  bars aleng the X-axi$ represent  the dark phase
   and the ljght phase, respectively, Ocular melatonin  contents

   increased after the onset  of darkness and  kept high titers under

   DD.However,noendogenouscomponentwasevidentunderDD.

Oc"lar melatonin  thythfns under  LL

   Ocular melatonin  rhythms  in the oikawa  exposed  to LL
are  exhibited  in Fig, 4. Under LL, ocular  me)atonin  remained

at low levels just like those during the light phase under  LD

cycles, with no sigfiltjcant variation.

Ocular melatonin  rhythrr]s  under  DD

   Ocular melatonin  rhythms  in the oikawa  exposed  to DD

are  indicated in Fig, 5, Ocular melatonin  contents  increased
after the onset  of darkness, anti kept high titers both during
the $ubjective  day and  the subjective  night  under  DD, No
circadian  variatjon  was  ob$erved.

DISCUSSION

   ln the present study, a  new  sensitive melatonin  RIA was
developed using  the rabbit anti-melatonin  serum  (HAC-AA92-
03RBP86).  The  most  cross-reactive  chem]cal  species  with  this

antiserum  is a b[oactive melatonin  analog,  2-iodomelatonin,

with cross-reactivity of 14,9%. The  use  of 2-[i'Sl]iodome]atonin,

with  higher spec]fic activjty (2,200 CVmmol) than [0methy]-
3H]melatonin

 {speclftc activity, 85 Cilmmo]) used  in the present
study  may  improve the 6ensitivity of the RIA, Cross-reactivities
with6-hydroxymeiatonin(O.65%),N-acetylserotonin<O,098%}

and  other  compounds  (< O.025%)  are negligible, indicating
the antiserum  is highly specific for melatonin.  Small intra- and

interassay coeffjcients of variation and  the results obtained

from  parallelism and  quantitative recovery  studies  have

demonstrated a reliable  and  precise RIA.

   We  have applied  this RIA for determination of melatonin

contentsintheeyeofacyprinidteleost,olkawaZtaccoptaCyf)us,

and  successfully  demonstrated  ocular  melatonin  rhythms,

Under  LD  12:12, melatenjn  contents  in the oikawa  eye  during

the dark phase were  higher than those during the light phase,

Ocular melatonln  rhythms  in oikawa  are similar with those seen

in the eye,  pineal organ  and  blood of a number  of vertrebrate

species  <Binkley, 1 987; Unde  rwood  and  Goldman,  1 987; Cahill

et aL, t991; Yu and  Reiter, 1993). We  speculate  that ocular

melatonin  rhythms  may  be the result of retinal melatonin
synthesis  ratherthan  uptake  from the circulatien, since  ocular

melatonin  synthesis  has been reported  in otherteleost  specjes

ificluding cyprinids  (Quay, 1965; Nowak  et al., 1989; Fa)c6n
and  Collin, 1 991 : ligo, 1 996; ligo et af, , 1 997a). Measurements

of the activities of melatonin  synthesizlng  enzymes,  NAT  and

H]OMT, w"l be required  to confirm  melatonin  synthesis  in the
ojkawa  retlna,

   ln oikawa, melatonin levels in the piasma under  LD 12/12
also  fiuctuate as in the eye  (ligo, 1996). It is possible that, a$
in the Japanese  quail (Underwood et ai., 1984) the eye

functions as  an  endocrjne  organ  and  circulating melatonln  may

come  from the retina, although  the contribution  of the pineal
organ  cannot  be ruled out. Further studies using  pinealectomy
and  bilateral enucleation  will be required  to elucidate  this

subject.

   Circadian regu+atlon  of melatonin  production has been

demonstrated in the pjneal organ  and  retina of several  teleost

species  (Falc6n and  Collin, 1991; Falcon et al., I992;

Zachmann  etaL,  1992a,b; l]go et aL, 1994,1997a; Bolliet et

al., 1 996; Cahill, 1 996>. To  test whether  or not  ocular  melatonin

rhythms  in oikawa  are  circadian,  we  determined ocular
melatonin  contents  under  constant  eonditions  such  as LL and

DD, However, melatofiin contents  in the eye  kept low and  high

titers under  LL  and  DD, respectively,  No endogenous

component  was  evident  under  these  fighting conditjons. These
results  indicate that melatonin  rhythms  in the oLkawa  eye  are

regulated  not by a  circadtan  ciock  but by LD  cycles,  Sim"ar
photic regulation of melatonin  rhythms  has been reported  in
the pineal organs  of rainbow  trout and  masu  salmon  (Gern et

aY,, 1992; ligo et al., 1997b). These  imply that the location of a

circadLan  clock  regulating  melatonin  rinythms  differs among

teleosts, although  the pineal oTgan  andfor  the retina  in some

fish are  the sites of circadian  cloeks.  It is of great interest to

test whether  or not pineal me[atonin  rhythms  are  regulated  by
a circadian  clock in oikawa  in future.

   In vertebrates,  circadian  melatonin  rhythms  have  been

reported  in the retina andlor  the pineal organ  of a number  of

species  inc)uding mammals,  birds, reptiles, amphibia  and

fishes (Binkley, 1987: Underwood and  Goidman, 1987; Cahill
et aL, 1991; Falc6n et aL, 1992; Zachmann et aL, 1992a; ligo
etal.  1994,1997a; Cahill, 1996; Tosini and Menaker, 1996).

However, photic but not circadian  regulation  is also  reported

in the retlna ot frogs Rana tignha reguiosa  and  Rana pipiens
(Pang et al,, 1985; Wiechmann et at,, 1986} and  in the pineal
organ  of desert iguana Dipososaurus  dOtsalis, rainbow  trout

and  masu  salmon  (Gern etai.,  1992; Janik and  Menaker, 1990;

ligo eta/,, 1997b), The present study  has also  demonstrated

photic regulation of ocular  meiatonin  rhythms  in oikawa.  These
datasupporttheideathat1ocationofcifcadianclocksregulating

melatonin  rhythms  is influenced not  so  much  by phylogeny of
the animals  as  by their ecological  niches  to which  they and
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theirancestors have been  exposed  (Janikand Menaker, 1990).
Furthermore, comparison  ot the regulatory  mechanisms  of

melatonin  production in the pineal organ  and/or  retina between
circadlan  and  photically regulated  species  might  be a  way  to

elucidate  clrcadian  clock  mechanisms  in vertebrates,

    Ocular melatonin  in oikawa  may  have local neuro-

modulatory  roles in the retjna as  a signal ior darkness, lt has

been reported  that melatonin  receptors  are present in the retina
of vertebrates  including fishes (Gern etaL,  1980: Dubocovich,

198B; Blazynski and  Dubocovich, 1 991 ; ligo et at. , 1994), ln
addition,  melatonin  have been demonstrated to be involved
in the regulation  of  retinal  physjologlcal processes  including
outersegment  disc shedding,  retinornotor  movements,

dopamine  release,  horizontal cell sensitMty  and

electroretinogram  in vertebrates  (Chbze and  AIi, 1976;

Wiechmann,  1986; Besharse et a/., 1988; Dubocovich, 1988;

Wjechmann  et  aL, 1988; Cahill etaL, 1991 ; Kurusu et al,, 1993;

Lu etai., 1995),

    ln conctusion,  we  have  developed  a  new  sensitLve

melatonin  RIA and  demonstrated ocular  melatonin  rhythms  in
a  cyprinid  fjsh, oikawa  lecco ptatypus. The  results suggest

important ro)es  of melatonin  not as a circadian  signal but as  a

chemical  expression  of darkness in the regulatLon  ot retinal

physiology, Furtherinvestigationswill reveal the ro]es oi ocular

meFatonin  in this specles,

ACKNOWLEDGMENTS

   We  thank Prof. K. Wakabayashi, Gunma Un[versit}t, for previdtng
antisera.  We  are  gratetul for M, Horikoshi, [, Matsuura,  T, Nishiyama,

H. Okuda, O. Saite, M, Wada, M, Watanabe, and  T, Yamamote, The
Njshi-TokyoUniversity,fortheirtechnLcalassistances,Thisstudywas
supported  in part by Grants-in-Aid trom Tatejshi Science and

Technolegy Foundation, and  from the Ministry of Education, S:ience,
Sports and  Culture of  Japan.

REFERENCES

Besharse JC, luvone PM, Plerce ME (1988) Regulation ef rhythmic

   photoreceptor  metaboli$nn/  A roie for post-receptoral neurons.

   Pfog  Retinal Res 7: 21 -61
Bjnkley SA  O987) The  Pineal/ Endocrine and  Nonendocfine Function,

   Prentice Hall, Nevv Jersey, pp 304
Bolliet V, Ali MA, Lapojnte FJ, Falc6n J (1996) Rhythmic melatonin

   secietion  ln difierent teieost species/ an in vitro study,  J Comp

   Physiol B t65/ 677-683
Blazynski  C, Dubocovich  ML  (1991) Localization of  2-

   ['25)]iedomelatonin binding  sites  in mammalian  (etina.  J
   Neurochem 56/ IB73-18SO
CahLll GM  (1996) Circadian regu-ation of melatonin  production in

   cultured  zebrafish  pineaF and  retita. Brain Res  708/ 177-1Bl
CahM  GM, Grace MS, Besharse JC (t991) Rhythmlc regulation  of

   retinal  melatonin/  Metabolic pathways,  neurochemical

   mechanisms,  and  ocular  cercadian  c)ock.  Cell Mol  Neurobiol 1 1 /
   529-560
Cheze G, ALi MA  (1976) ROIe de Vepiphyse dans la migration  du

   pigmentepFtheliairetinienchezquelquesTeleosteens.CanJZool
   541 475-481
Dubocov]ch ML  (198B) Role of melatonin in {etina. Prog Retinal Res
   81129-151
FaicOn J, Begay V, Goujon JM, Voisin P, Guer[otie J, Coilin JP  {1994)

   Lmunocytochemical  localisation of  hydroxyindole-O-

   methyitransterase  in pinea) photoreceptor  cells  of several  fish

   speeies, J Comp  Neurol 341/ 559-566
Fa)c6n  J, Co[lin JP (1991) Pineal-retinai relationships/  rhythmic

   biesynthesis and  jmmunocytochemical localization of me]atonin

   in the retina  of  the pike (dsox lucius). Cell Tissue  Res  265/ 601-

   609FalcOn
 J, Thibault C, Begay V, Zachmann  A, CeHin JP (1992)

   Reguiation of the rhythmic  melatonin  secret[on  by f]sh pineaP

   photoreceptor cells, ln 
"Rhythms

 in Fishes" Ed  by MA  AIi, NATO

   ASI Se ries A/ Life Sciences Vol 236, pp 1 67-198, Pienum Press,
   New  York
Gern WA,  Goreli TA, Owens  DW  (1 980) Melatonin  and  pigment ceL[

   rh ythmicity. Adv BioscL 29/ 223-233
GernWA,GreenhouseSS,NervinaJM,GasserPJ(1992)Therainbow
   trout pjneal organ:  An  endocrine  photometer. In 

"Rhythms
 jn

   Flshes" Ed  by MA  AIi, NATO  ASI Series A: Life Sciences Vel
   236, pp 199-218, Plenum Press, New  York
Gern WA,  Owens  DW,  Ralph CL O978} The  $ynthesis of melatonin

   by trout retina.  J Exp Zool 206/ 263-270
ligo M  O996) Studies on Meiatonin Rhythms in Fishes, Ph D thesis,

   The Unlversity of Tokyo,  Tokyo, 171p

1igo M, Aida K {1 995) Effects of  season,  temperature  and  photoperiod
   on plasma meeatonin rhythms  in the goldfish, Carassius auratus,
   J Pineal Res  18/ 62-68
ligo M, Furukawa K, Hattori A, Ohtani-Kaneko R, Hara  M, Suzuki T,

   Tabata M, Aida K {1997a) Ocular me:atonin  fhythms  in the

   goldtish, Carassius auratus.  j Biol Rhythms 12/ t82-192
1igo M, Kezuka  H, Suzukl T, Tabata  M, Aida  K  (1 994)  Melatonin signal

   transduction in the goldfish, Carassius auratus.  Neuro$ci
   Biobehav Rev 18/ 563-569
ligo M, Kitamura  S, lkuta K, Sanchez-Vazquez  FJ, Ohtani-Kaneko R,

   Hara M, Hirata K, Tabata M, Aida K (t997b) Regulation by light
   and  darkness of melatonin  secretion  trom the superiused  masu

   salmon  (Oncorhynchus masou)  pjneal organ. Biol Rhythm Res

   (inpress)
JanikDS,MenakerM(1990)ClrcadianIocomotorrhythmsinthedesert

   iguana. i. The  role ot the eyes  and  the pineai. J Comp  Phy$iol A

   1661 803-810
Kurusu S, Konishi H, Takahashi M  (1993) Circadian rhythm  in Ihe

   quail electroretjnogram  (ERG)/ Pe$sible  reiation  to retinal

   indolamifies(serotominandmelatonin}activity.JlnterdisciptCycle
   Res 24/ 141-149
Lu J, Zoran  MJ, Cassone VM  (i995} Daily and  ¢ ircadjan variation  jn

   the electroretinogram  of the domestic  fowl/ effects  of melatonin.

   J Comp  Physiol A  177/ 299-306
Max M, Menaker  M  (1992} Reguiation of melatonin  production by

   ltght, darkness,  and  temperature  ln the trout pineal. J Comp
   Physiol A 170: 479-489
McNuEty JA "986) Uptake and  metabol[sm  of indole compounds  by

   the go]dfish pifieai organ.  Gen Comp  Endocrino] 61 / 179-186

NowakJZ,ZufawskaE,ZawiiskaJ"989)Meiatoninanditsgenerating

   system  in vertebrate  retina/  Circadian rhythm,  effrect of

   environmentaHightingandinteractionwithdopamlne.Neurochem

   lnt 14/ 397-406
Pang  SF, Shiu SYW,  Tse  SF  (1985> Effect of photic manipu[ation  on

   the  level of metatonin  in the  retinas  of  frogs (Rana tigrjna
   regurosa}.  Gen Comp  Endocrinol 58/ 464-470
Quay  WB  (1965) Retinal  and  pineal hydroxyindole-O-

   methyltransferase  actMty  in vertebrates.  Life Sci 4/ 983-991
ToslniG,MenakerM(1996)Circadianrhythmsinculturedmammalian

   retina. Science 272/ 41 9-421

UnderwoadH,BLnkleyS,SiopesT,MosherK<1984)Me-atoninrhythm

   
,n

 the eyes, pineal bodies, and  blood of  Japanese quaiL (Coturnix
   coturnixJ'aponica).GenCompEndocrinel56/7e-81

Underwoed  H, Geldman  BD  (1987) Vertebrate circadjan  and

   photoperiodic systems/  role of the pineal gLand and  melatonin.  J

NII-Electronic  



The Zoological Society of Japan

NII-Electronic Library Service

TheZoologicalSociety  of  Japan

248 M. LLgo, M.Tabata and  K,Aida

   Bio] Rhythms 2: 279-315
Wiechmann  AF  (1 986) Melatonin/ Parallels in pinea[ gland and  retina.

   Exp Eye Res 42/ 507-527
Wiechmann  AF, Bok D, Horwitz J {1986) Melatonin-binding in the

   frog retlna/  autoradiographic  and  biochemical analysis,  lnvest

   Ophthalmol Vis Sci 27/ 153-163
Wjechmann AF, Hottyfleld JG (1988) HIOMT-like immunoreactivity in

   the ve  rtebrate retina:  A species  comparison,  Exp Eye Res 49/
   1079-1095
Wiechmann  AF, Yang XL, Wu  SM, Hollyfield JG  (1988) Me)atonin

   enhances  horjiontal ce)1 sensitivity  in salamander  retina, Brain
   Res 453/ 377-3BO

Yu HS, Relter RJ (1993> Melatonin. Biosynthesis, physioFogical effects

   and  clinical appljcation.  CRC  Press, Boca  Raton, Florida, pp.550
Zachmann  A, Ali MA, Falc6n J (1 992a) Melatonin and  its effects in

   fishes/ An over  view.  In "Rhythms

 in Fishes" Ed by MA  AIi, NATO

   ASI Seri es  A, Life Sciences Vol 236, pp 149-163, Plenum Press,
   New  York

Zachmann  A, Knjjff SCM,  Alj MA, Anctil M (1992b) Etfects of

   photoperiodanddiffeTentintensitiesoflightexposureonmelatenin
   levels in the blood, pineal organ  and  retina  of the breok trout

   (Salveiinus iontinatis MitchilD. Can J Zool 70/ 25--29

{Rece[ved NovembeF  15, 1996 1Accepted December  27, 1996)

NII-Electronic  


