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The pineal organ (or pineal) of a teleost fish, the pike, con- 
tains typical (cone-like) and modified photoreceptor cells. 
Both are involved in indole metabolism, including melatonin 
production. How photoperiod controls melatonin biosyn- 
thesis in organs containing mainly photoreceptor cells, re- 
mains unclarified. To tackle this question we have used cul- 
tured pike pineal organs to investigate the variations in (1) 
the activity of the arylalkylamine-Kacetyltransferase (NAT), 
which is involved in the biosynthesis of melatonin, in static 
culture and (2) melatonin release in a perifusion system. 
Serum melatonin was also quantified in pike kept under a 
24 hr light/dark (LD) cycle. 

Under LD conditions, NAT activity, melatonin release, and 
serum melatonin levels were high during the scotophase and 
low during the photophase. High-amplitude rhythms in NAT 
activity and melatonin release were maintained during three 
24 hr cycles in constant darkness and a low-amplitude rhythm 
of NAT persisted in constant illumination. Midnight illumi- 
nation induced a dramatic decrease of NAT activity and mel- 
atonin release. Darkness at midday did not induce a rise of 
the melatonin release, which occurred only at the onset of 
the subjective scotophase. 

From the present data it is strongly suggested that the 
pineal of the pike contains a circadian oscillator-synchro- 
nized by the photoperiod-which generates the rhythms of 
NAT activity and of melatonin release. Melatonin release, 
which reflects the rhythmic activity of NAT, might largely 
contribute to the melatonin circulating levels. The circadian 
oscillations observed under constant conditions suggest that 
the oscillator might behave differently in the pike, compared 
with intrapineal oscillators of 2 other species (lizard and 
chicken) under investigation. Because pineal photorecep- 
tors of the pike are both directly photosensitive and re- 
sponsible for melatonin biosynthesis, we also suggest that 
they play a crucial role in the mechanisms of translation of 
photoperiodic information into melatonin via an intrapineal 
oscillator that remains to be localized. 
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One of the signals elaborated by the pineal organ (or pineal) of 
vertebrates is melatonin. This agent, produced during nighttime, 
is considered as an internal Zeitgeber, which is involved in the 
control of nyctohemeral and seasonal rhythms of behavior, of 
physiological functions, and, more generally, of metabolisms. 

In most representatives of different vertebrate classes, mela- 
tonin biosynthesis is very low during daytime and high during 
nighttime. The nocturnal rise results from an increase in activity 
of the arylalkylamine-N-acetyltransferase (NAT), an enzyme 
that converts serotonin (5HT) to N-acetylserotonin (Klein et 
al., 1981). Most authors believe that the hydroxyindole-o- 
methyltransferase, which converts the acetylated 5-HT into mel- 
atonin, does not display significant daily changes in activity, at 
least in endotherms and teleost fish (Falcon et al., 1987, and 
references therein). The photoperiodic information appears as 
an important environmental factor controlling the daily rhythm 
of melatonin production (reviewed by Collin et al., 1987). 

From studies in some representatives of teleosts, sauropsids, 
and mammals, it has been proposed that the pineal chief cells 
(or transducers) are responsible for indole metabolism, involv- 
ing melatonin biosynthesis (Falcon and Collin, 1985; Collin et 
al., 1986a, b; McNulty, 1986; Voisin et al., 1988). The pineal 
of vertebrates displays a unique evolution of its chief cells (Col- 
lin, 1971; Collin and Oksche, 1981; Collin et al., 1986a). In 
lower vertebrates, most pineal transducers are represented by 
typical photoreceptors, structurally analogous to retinal cones. 
During the course of evolution, they are gradually replaced by 
modified photoreceptors (mainly found in reptiles and birds) 
and then by pinealocytes strict0 sensu (mainly found in mam- 
mals). To these stages of differentiation of the pineal transducers 
corresponds a plurality of mechanisms involved in the photo- 
periodic control of signal production (including melatonin) by 
the pineal of vertebrates (Collin et al., 1988, and unpublished 
observations). Such mechanisms have been most recently stud- 
ied in the mammalian pinealocytes. Our knowledge on the mat- 
ter is relatively restricted for the modified photoreceptors and 
practically nonexistent for the typical photoreceptors. 

During the last decade, we gathered some data on the pineal 
of a teleost fish, the pike (see references in Falcon et al., 1987). 
At the cellular level, this fish appeared to be a suitable model 
for investigating the regulatory mechanisms of melatonin syn- 
thesis because typical and modified photoreceptors are localized 
in well-defined pineal regions (Falcon, 1979). However, before 
the problem of the regulation of melatonin synthesis by envi- 
ronmental lighting in both types of photoreceptors could be 
pursued, additional data at the level of the organ was necessary. 
In the present work we complete a recent in viva physiological 
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Table 1. Experimental conditions 

Ex- 
peri- Pike weight Photoperiod and tem- Type of experimental photo- 
ment (pm) Time of year perature before death period and temperature 

la 500-700 early November 12L(O700-1900)/ Static organ culture, LD as before, 
12D, 12°C death (25°C) 

lb 500-700 early November 12L(O700-1900)/ Static organ culture, LL (25°C) 
12D, 12°C 

2 500-700 end of November lOL(O800-1800)/ Static organ culture, DD (27°C) 
14D, 12°C 

3 300 March 12L(O700-1900)/ Static organ culture, lights off 
12D, 12°C 1900, lights on 0100, (25°C) 

4 200 early July 16L(0600-2200)/8D, Superfusion, LD and temperature 
25°C as before death 

5 Same as in experiment 2 Superfusion, DD (27”(Z), 
6 250 mid-November lOL(O800-1800)/ Superfusion, lights off 1200, lights 

14D, 12°C on 0300, (25°C) 
7* 250-500 early February 10,5L(O800-1830)/ Death and blood collection every 

13,5D, 12°C 3 hr 

LD, light/dark schedule; LL, continuous light; DD, continuous darkness. 

Ci Animals used in exneriment 7 were the same as those used to determine pineal melatonin content in experiment 1 
of Falc6n et al. (1487). 

investigation (Falc6n et al., 1987) by an in vitro study focused 
on the role of different lighting conditions on melatonin secre- 
tion. In addition, data obtained on fish pineal might increase 
our knowledge of the retina. Indeed, recent data favor the view 
that retinal photoreceptors are also involved in the production 
of 5-methoxyindoles, e.g., melatonin (Wiechmann, 1986; Voisin 
et al., unpublished observations). 

Materials and Methods 
Animals 
Pike (Esox lucius, L.; teleost fish), originating from ponds of the Poitou- 
Charentes region, were collected in a commercial hatchery. In the hatch- 
ery they were stored in small ponds, supplied with river water, and 
submitted to natural conditions of water temperature and photoperiod. 
In the laboratory, they were maintained for l-7 d in oxygenated pond 
or tap water under conditions of photoperiod and temperature (Table 
1) as close as possible to natural ones. 

Dissection 
Animals were killed by decapitation approximately 4 hr before the onset 
of night. A skull cap was removed, and the pineal was quickly detached 
from the meninges and from the roofofthe diencephalon. In most cases, 
a portion of the dorsal sac was removed together with the pineal. Pre- 
vious data did not indicate a contribution of the dorsal sac in indole 
metabolism (Falc6n et al., 1987). 

In experiment 7 (see below), blood was collected from the bulbus of 
the aorta, under light when samples were taken during the light phase 
or under dim red light for dark-phase samples. Blood samples were 
allowed to clot for 1 hr at room temperature and then overnight at 
+4”C. After a 30 min centrifugation at 2500 x g (+4”C), the pellet was 
discarded and the supernatant (serum) was stored at -30°C until the 
melatonin radioimmunoassay. 

Static organ culture and NAT assay 
After dissection, each pineal was placed on a piece of Nylon mesh in a 
24 well culture plate (Nunc, Strasbourg, France) containing 200 pi/well 
of Dubelcco’s modified Eagle’s medium (DMEM, Gibco, Grand Island, 
NY) supplemented with BSA (Sigma, 1 mg/ml), penicillin, and strep- 
tomycin (Gibco, 100 U/ml and 100 pg/ml, respectively), glutamine 
(Gibco, 2 mM), and ascorbic acid (0.1 m&ml). The plates were placed 
in an incubation chamber supplied with a mixture of O,/COz (19: 1). In 

the incubator, light was provided by a fluorescent lamp (30 W) giving 
a 1000 lux illumination intensity at the dishes. Pineals were transfered 
to fresh medium each 12 hr. Cultures were run at 25 or 27°C (see Table 
1). Previous studies have shown that temperatures up to 30°C are suit- 
able for culturing organs from freshwater teleosts (Wolf and Quimby, 
1969; McNulty, 1984). Organ culture was followed by immediate freez- 
ing of the pineals in liquid nitrogen, until NAT assay. The enzymatic 
assay for pike pineals has already been described in detail elsewhere 
(Falcbn et al., 1987). Briefly, the organs were sonicated in 100 ~1 sodium 
phosphate buffer (0.1 M, pH 6.8) at +4”C. A 50 ~1 aliquot of the ho- 
mogenate was added to 50 ~1 sodium phosphate buffer containing 20 
mmol/liter tryptamine (Sigma) and 1 mmol/liter 3H-acetylcoenzyme A 
(New England Nuclear; final specific activity, 4 mCi/mmol). The re- 
action was carried out for 1 hr at 25°C in a water bath and stopped by 
addition of 1 ml of chloroform at +4”C. The 3H-N-acetyltryptamine 
produced was extracted into the chloroform. After removal ofthe aqueous 
phase, the chloroform was washed once with phosphate buffer. The 
organic phase was then evaporated in scintillation counting vials, and 
10 ml of organic counting scintillant (Amersham) was added. Radio- 
activity was counted in an LKB rack ,l3 liquid scintillation counter, with 
a 45 * 5% counting efficiency. 

Flow-through organ culture (superfusion) 
The perifusion apparatus was as described by Tonon et al. (1980) with 
modifications. After dissection, l-3 pineals were placed on a piece of 
Nylon mesh (1 cm diameter) in the perifusion chamber. The chamber 
was composed of a glass tube (0.9 x 15 cm) with 2 Teflon plungers. 
The volume delimited by the plungers (200-400 ~1) was filled with 
supplemented culture medium (DMEM, see above). Culture medium 
was supplied from the upper plunger by means of a peristaltic pump 
which maintained a flow rate of 500 or 1000 Kl/hr. The catheter of the 
lower plunger was connected to an automatic fraction collector. The 
perifusion culture medium was presaturated with sterilized 95% 02/5% 
CO2 mixture and kept under this gas mixture during the entire run. The 
temperature (see above and Table 1) was controlled by a water bath 
and by a water flow circulating in a jacket around the chamber. The 
collected fractions were stored at -40°C until time of melatonin ra- 
dioimmunoassay. 

Melatonin radioimmunoassay 
From plasma. The melatonin content of 500 ~1 of plasma sample was 
extracted by 3 ml chloroform. Briefly, the organic phase was evaporated 
under vacuum after a 30 min centrifugation at 3500 x g (at +4”(Z). 
Melatonin was resuspended in buffer (Eurodiagnostics BV kit) and fro- 
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Figure 1. Variations of the NAT activity of cultured pike pineals main- 
tained under a LD (L = 1000 lux) (solid line) or under a LL (interrupted 
line) schedule. Thick bar on the abscissa indicates scotophase. The first 
value on the top left is that of NAT activity just after death (n = 3; 
mean t SEM; F = 36.8, p < 0.001 for the 3 LD cycles; F = 3.45, p < 
0.05 for the LL cycle; studentized multiple-range test). 

zen at -30°C if not assayed immediately. The radioimmunoassay, which 
uses ‘ZSI-melatonin as a tracer, was run (in duplicates for each sample) 
as described in the protocol of the commercially available kit used 
(Eurodiagnostics, BV, Amsterdam). Counts were performed with an 
LKB mini y  spline counter (counting efficiency, 70%). 

From pineal perfusates. Melatonin levels in the pineal perfusates were 
determined in duplicate by using the radioimmunoassay developed by 
Brun and Claustrat (Brun et al., 1985), without extraction ofthe samples. 
Appropriate volumes of pineal perfusates were diluted 50, 1000, or 
10,000 times with assay buffer to a total volume of 300 ~1. Then, 100 
~1 ‘Z51-melatonin analog (20,000 cpm, in assay buffer) and 100 ~1 anti- 
serum (1:80,000 in assay buffer) were added to the diluted pineal per- 
fusate (final antiserum dilution, 1:400,000). The reaction mixture was 
incubated overnight at +4”C, after which 1 ml anti-rabbit sheep gamma 
globulin (INRA, Nouzilly, France) was added to each tube. After a 30 
min incubation at room temperature, followed by 30 min centrifugation 
(3500 x g, +4”(Z), the supernatant was decanted and the radioactivity 
was measured in the precipitate (Kontron gamma matic or LKB mini 
gamma). 

Validation 

Radioimmunoassay of pineal perfusates. The high sensitivity and spec- 
ificity of the antiserum used has been described extensively elsewhere 
(Brun et al., 1985). 

Maximal binding was not modified by using 1:50 diluted (in assay 
buffer) or undiluted culture medium. Standard curves obtained with 
1: 50 diluted culture medium were identical to those obtained with assay 
buffer, thereby showing that there were no interfering substances in the 
culture medium. The lower and upper limits of the assay were 1.5 and 
800 pg/tube, respectively, and 50% inhibition was usually produced 
upon addition of 13 f  1 pg/tube of melatonin. When pooled nocturnal 
pineal perfusates (averaged concentration: 11.8 &ml) were diluted in 
assay buffer (5 dilutions corresponding to 353.4, 176.7, 70.7, 35.3, and 
17.7 pg/tube, respectively), the expected melatonin concentrations were 
recovered i5%. When tubes of pooled diurnal (3.4 pg’tube) and pooled 
nocturnal (45 pg/tube) pineal perfusates (diluted 1:50 in assay buffer) 
received 50, 100, or 200 pg melatonin, the respective percentages of 
recovery were 100.2, 111.2, and 110.6 (diurnal perfusate) and 82.1, 
96.5, and 114.3 (nocturnal perfusate). Pooled pineal perfusates (1:50 in 
assay buffer) giving 49.6 pg/tube of melatonin had an intra-assay coef- 
ficient of variation of 10% (9 replicates). The respective interassay coef- 
ficient of variation was 12% (4 assays). 

The values obtained in the present validation were within the range 
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Figure2. Variations ofthe NAT activity of cultured pike pineals main- 
tained under DD during three 24 hr cycles: subjective photophases from 
0800 to 1800 (n = 3; mean f  SEM; F = 5.63, p < 0.001; studentized 
multiple-range test). 

of those obtained after diethylether melatonin extraction from mam- 
malian pineals and from human serum and urines (Brun et al., 1985). 

Radioimmunoassay of extracted serum samples. The radioimmu- 
noassay has not yet been validated for chloroform-extracted serum sam- 
ples of pike. In the study reported here, we were primarily concerned 
with rhythmicity phenomena rather than with biochemical details. 
However, the reader should bear in mind that serum “melatonin” is 
used as an abbreviation for “radioimmunoassayable melatonin.” (A 
validation has been done for diethylether-extracted human serum; Eu- 
rodiagnostics BV.) 

NAT assay. Under our experimental conditions, the assay is linear 
with time and with amount of pineal tissue (unpublished data). 

Statistics 

Values were compared using the studentized multiple range (F of Sne- 
decor) test or the Student t test (Bliss, 1967). 

Experimental conditions 

Experimental conditions are summarized in Table 1 (see also figures 
and legends). 

Results 
Experiment la: NAT activity in pineals under the LD schedule 
Significant (F = 36.8, p < 0.001) day/night differences in NAT 
activity were detected under our experimental conditions. NAT 
activity was between O-36 pmol/hr/organ during the light phase 
and reached 226-624 pmol/hr/organ during the dark phase. The 
activity increased dramatically shortly after the lights went off 
and decreased before the end of the scotophase, during three 24 
hr LD cycles. Peak activity was at 02:OO. The maximal nocturnal 
NAT activity in culture did not exceed daytime values measured 
just after death (Fig. 1). 

Experiment lb: NAT activity in pineals under the LL schedule 

Under continuous illumination, 1 cycle of 24 hr (Fig. 1, right), 
NAT activity was very low during the subjective scotophase 
compared with its activity during the scotophase of the LD 
experiment (54.2, 63.5, and 18 pmol/hr/organ, respectively, 
versus 338.4, 623.9, and 175.4 pmol/hr/organ). Nevertheless, 
these values were still significantly higher than those detected 
during the subjective light phase (F = 3.45, p < 0.05). 

Experiment 2: NAT activity in pineals under a DD schedule 

Under conditions of constant darkness, NAT activity continued 
to oscillate significantly (F = 5.63, p < 0.001) during at least 
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Figure 3. Effect of illumination (1000 lux) at midscotophase, on noc- 
turnal NAT activity of cultured pike pineals. Basal daytime values were 
measured at 1700. Lights went off at 1900, and maximal activity was 
measured 5 min before illumination at 0100 [n = 4; mean & SEM; 
values compared with the nocturnal peak by the Student t test gave *p 
< 0.005, **p < 0.002, ***p < 0.001, ****p < 0.0005; analysis of 
variance gave F = 18.45, (p < O.OOl), and means were compared with 
the nocturnal peak, giving p < 0.05 (*) and p < 0.01 (** or more)]. 

three 24 hr cycles (Fig. 2). The increase of NAT activity was 
very progressive after the onset of the subjective scotophase of 
the second and third cycles, respectively; maximal activity was 
reached only during the last 4 hr of these phases. At the begin- 
ning of the second and third subjective light phases, NAT ac- 
tivity was high compared with the corresponding value of the 
first subjective light phase. 

22:00 06:OO 22:oo 0600 

Experiment 3: effect of illumination on nocturnal NAT activity 
Illumination (1000 lux) at midscotophase of cultured organs 
resulted in a rapid but incomplete inactivation of NAT (Fig. 3). 
After 1 hr of illumination, about 83% of the initial activity 
(measured 5 min before the lights went on) was lost. Half-in- 
activation was reached at approximately 20 min. NAT activity 
was maintained at 17% of the nocturnal value after 2 hr of light. 
A slight (+ lo%), but not significant, increase was observed after 
3 hr. 

Figure 4. Rhythms of melatonin release during a LD cycle. One (A) 
and three (B) pike pineals are cultured in a flow-through superfusion 
system (L = 1000 lux intensity; bar = scotophase). Samples ofperfusates 
were collected for 1 hr (flow rate, 500 Fl/hr). Each point represents a 
duplicate determination and is plotted at the start of the collection 
interval. 

Melatonin concentrations in the perfusates were high during 
nighttime and low during daytime (Fig. 4A). Peak values were 
reached at midscotophase. Similar results were obtained when 
3 pineals were cultured together in one chamber (Fig. 4B). 

Experiment 4: melatonin release by superfused pineals under Experiment 5: melatonin release by superfused pineals under 
the LD schedule the DD schedule 

Individual superfused pineals released melatonin rhythmically 
in the perfusate, during the two 24 hr LD cycles investigated. 

Individual superfused pineals, maintained in constant darkness, 
released melatonin rhythmically for at least three 24 hr cycles 

a MT ng/hr/organ 

2200 06:OO 22:00 06:OO 

aMT 
nglmll hr 

B 
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(Fig. 5). The amplitude of the rhythm was apparently main- 
tained during the 3 cycles. Furthermore, the rhythm displayed 
a phase shift: the maximal release of melatonin occurred suc- 
cessively at 0300 (first cycle), 0500 (second cycle) and 0700 
(third cycle). Moreover, although not based on statistical anal- 
ysis, there was apparently a linear increase of the mesor from 
the first to the third cycle. 

Experiment 6: effect of darkness at midphotophase and of light 
at midscotophase on melatonin release by superfused pineals 
Pineals were superfused (2 or 3/incubation chamber) for 24 hr 
in LD conditions (Table 1). During the following 24 hr cycle, 
darkness occurred at 1200 (Fig. 6, A, B) and light at 0300 (Fig. 
6B). Under these conditions, melatonin release was low from 
1200 to 1800 and increased after 1800, reaching peak values 
between 2200 and 0200 (Fig. 6, A, B). One hour after turning 
the lights on (approximately 1000 lux), melatonin production 
resumed basal values (Fig. 6B), i.e., light induced a 92% decrease 
in melatonin release. 

Experiment 7: nyctohemeral variations of melatonin content 
in the plasma of pikes under a LD schedule 
The melatonin content of plasma collected during daytime was 
low-between 70 and 120 pg/ml (Fig. 7). It was approximately 
twice that in samples collected during darkness (between 170 
and 210 pg/ml; F = 4.14, p < 0.01). 

Discussion 

The present study has provided important new insight into the 
photoperiodic control of the biosynthesis and release of melato- 
nin, in the pineal of the pike, which is a typical directly pho- 
toreceptive organ (Falcon and Meissl, 198 1). Most investiga- 
tions dealing with this matter have used the rat and chicken 
(see references in Menaker and Binkley, 198 1; Klein, 1985; Zatz 
et al., 1988) where the anatomy, organization of chief cells, and 
innervation differ considerably from that of anamniotes, such 
as the pike. As previously stated, the present physiological data 
are preliminary to a study, at the photoreceptor level, of the 
molecular mechanisms involved in the translation of the pho- 
toperiodic information into a melatoninergic signal. 

Entrainment of the NAT activity and melatonin release by the 
LD cycle 
We have demonstrated that cultured pineals of an anamniote 
are capable of maintaining nyctohemeral variations in NAT 
activity under a LD cycle. In vivo pineal NAT activity and 
melatonin content were synchronized to the LD cycle. Both 
chronograms closely match each other, with high values being 
detected during nighttime and low values during daytime (Fal- 
con et al., 1987). The cyclic variations of NAT activity observed 
in static organ culture were similar to those described in vivo, 
hence supporting evidence that photoperiodic control of the 
enzymatic activity results, at least in part, from the direct pho- 
tosensitivity of the organ in the pike. Because the overall NAT 
levels in culture were much lower than when measured in vivo, 
it is suggested that a factor or factors present in vivo and nec- 
essary to maintenance of high NAT levels are lacking in culture. 

Superfused individual or pooled pineals of pikes also released 
melatonin in higher amounts during nighttime than during day- 
time. The pike is the first ectotherm showing that this release 
reflects pineal rhythms of both NAT activity and melatonin 
content (see also Falcon et al., 1987). 

aMT 
‘0 r nglmll hr 
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Figure 5. Rhythm of melatonin release by a superfused pike pineal 
under constant darkness. Flow rate was 1 ml/hr (subjectivt photophases 
from 0800 to 1800). Each point represents a duplicate determination 
(1 hr collection) and is plotted at the start of the collection interval. 

It is not yet possible to state precisely the extent to which 
melatonin, released by the pike pineal, contributes to the cir- 
culating levels. Indeed, plasma melatonin levels (from samples 
collected every 3 hr; Fig. 7) were high during the scotophase 
and low during the photophase. However, the retina of verte- 
brates is known to be a potential source of circulating melatonin 
(see references in Gern and Karn, 1983). The retina of the pike 
synthesizes and stores melatonin rhythmically, but superfused 
retinas did not appear to release significant amounts of melato- 
nin (unpublished observations). It is presently not possible to 
assert that the situation observed in culture reflects exactly that 
occurring in vivo. Thus, it is only suggested that, in the pike, the 
pineal might contribute maximally to the circulating levels of 
melatonin. 

Effects of d@erent lighting conditions on NAT activity and 
melatonin release 

After pineal NAT activity had been allowed to increase, un- 
expected dark to light transition at midscotophase, resulted in 
a decrease in enzyme activity. A similar phenomenon has al- 
ready been described in the pineal ofrats in vivo (Binkley, 1983) 
chicken in vivo and in culture (Wainwright and Wainwright, 
198 1, and references therein; Hamm et al., 1983) and pike in 
vivo (Falcon et al., 1987). In parallel, light given at middark 
rapidly decreased melatonin release by pike pineal. In contrast 
to NAT activity, the levels of which remained high compared 
with those measured during daytime, melatonin release dropped 
to basal levels after 1 hr of illumination (of identical intensity). 
We cannot explain these discrepancies. According to Wain- 
wright and Wainwright (198 l), the incomplete inactivation of 
NAT by middark exposure to light may, in the chicken, reflect 
the existence of a photolabile and a photostable enzymatic pool. 

In the present study, the decrease of NAT activity appeared 
without detectable latency. This is in agreement with what is 
known to occur in chicken and rat (see references above) but 
contrasts with the previous results obtained in vivo in the pike, 
in which a period of latency of more than 10 min was observed 
before NAT started to decrease (Falcon et al., 1987). Moreover, 
(1) half-inactivation was reached after 30 min of light (20 min 
in culture) and (2) 60% of the initial nocturnal activity was lost 
(instead of 80% in culture). In the pike, these discrepancies may 
result merely from the use of distinct experimental procedures 
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Figure 6. Effect of advancing scotophase on melatonin release by superfused pike pineals. Each point represents a duplicate determination of 1 
hr of collection and is plotted at the start of the collection interval (flow rate was 1 ml/hr). A, Darkness from 1200 to 0400 (culture was stopped 
at 0400). Data from 3 individual experiments with 2 pineals per chamber in each. B, Darkness was given from 1200 to 0300 (culture was run up 
to 0800; 3 pineals in one chamber). Thick bar indicates the subjective scotophase. 

(e.g., intensity and spectral composition of the light crossing 
skin and skullcap might be different from that reaching the 
culture dishes). Alternatively, these may be involvement of (an) 
extrapineal endogenous factor(s) in the control of pineal NAT 
activity, which would act only in vivo, via humoral and/or ner- 
vous pathways. 

The partial inhibitory effect of light on pineal NAT activity 
was further evidenced by exposing cultured organs to continuous 
light (LL) for 24 hr. As in in vivo experiments (Falcon et al., 
1987) a small but significant rise in activity was detected during 
the subjective nighttime. This indicates the existence of an en- 
dogenous low-amplitude rhythm of NAT activity. It remains 
to be determined whether this rhythm can be maintained for 
more than a single 24 hr LL cycle. A rhythm in NAT activity 
under LL has also been observed in chicken pineal (Wainwright 
and Wainwright, 1980, 198 1). The rhythm was oflow amplitude 
and did not persist for more than 24 hr in culture; it was of 
high amplitude and lasted for at least three 24 hr LL cycles in 

vivo (Wainwright and Wainwright, 198 1) but was no longer 
apparent after 15 d (Ralph et al., 1975). 

Pike pineals cultured under DD were able to sustain high- 
amplitude oscillations in NAT activity and melatonin release 
for at least three 24 hr cycles. Moreover, advancing the scoto- 
phase at midday did not induce an increase in melatonin release 
as observed in the trout pineal (W. A. Gem and S. S. Green- 
house, personal communication). Altogether, our data strongly 
support the view that the rhythm of NAT activity-and con- 
sequently that of melatonin release-are driven by an endoge- 
nous oscillator in the pineal of the pike. Such an oscillator is 
circadian because the period of NAT and melatonin oscillations, 
generated by the pineal itself, approximates 24 hr, under con- 
stant conditions (Figs. 2, 5). An endogenous circadian oscillator 
has been evidenced previously in the chicken and in a lizard 
(Anolis) but not in another lizard or the trout (see review by 
Menaker, 1985; W. A. Gem, personal communication). In the 
pineal of the pike, as well as that of chicken and Anolis, the 
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Finwe 7. Variations of plasma melatonin content of pikes maintained 
under a LD cycle [same animals as those used for the determination of 
pineal melatonin content in Falc6n et al. (1987); n = 3; mean f  SEM; 
F = 4.14, p < 0.01 studentized multiple-range test]. 

free-running rhythms of NAT and melatonin generated by the 
oscillator are synchronized by alternating Land D (photoperiod) 
during the 24 hr cycle (see Falcon et al., 1987, for the pike). 

The chronograms of NAT activity and, to a greater degree, 
of melatonin release by pike pineal cultured under DD were 
somewhat different from those described in other vertebrate 
species investigated. In the chicken, NAT activity and melato- 
nin release are considerably lowered, and their rhythms are 
rapidly damped before they disappear (see references in Men- 
aker and Binkley, 198 1; Zatz et al., 1988). In the trout, there is 
no endogenous rhythmicity but a continuous release of high 
amounts of melatonin under DD (Gern and Greenhouse, per- 
sonal communication). Finally, Menaker and Wisner (1983) 
reported sustained oscillations in the release of melatonin by 
superfused pineals of the lizard Anolis for up to 10 cycles. In 
contrast (see Menaker and Wisner, 1983, figure l), in the pike 
(1) the amplitude of the oscillation was apparently maintained 
during the first 3 cycles and (2) averaged minima and maxima 
of each of these cycles seemed to increase gradually. Further 
studies are needed to define these differences precisely. Among 
the few pineals of vertebrates currently under investigation, that 
of the pike seems to behave differently, and it might offer new 
perspectives in the study of the mechanisms of the endogenous 
oscillations. These differences may result from the stage of dif- 
ferentiation of pineal transducers (see introductory remarks). 

Investigations conducted in Anolis (an ectotherm) have shown 
that temperature also influences melatonin secretion (Menaker 
and Wisner, 1983; Underwood, 1985). The pineals of the pikes 
used in the present study were cultured at 25 or 27”C, temper- 
atures that (1) are suitable for the culture of organs of freshwater 
teleosts (see Materials and Methods) and (2) correspond to those 
of the ponds of the Poitou-Charentes region in summer. The 
temperatures used in the present work allowed the expression 

of endogenous oscillations (NAT, melatonin) under DD. We 
have previously described a strong damping of in vivo NAT 
activity rhythm under DD in pikes previously adapted to winter 
photoperiod (1 OL/ 14D) and temperature (+ 5°C) (Falcon et al., 
1987). Our actual investigations tend to increase the present 
data in favor of the presence of the endogenous oscillator, as 
well as the role of temperature in its entrainment and its expres- 
sion. 

Conclusions and perspectives 
Both categories of pineal photoreceptor cells in the pike pineal 
(see introductory remarks) respond directly to light/dark infor- 
mation of the 24 hr cycle and synthesize and store indole com- 
pounds, including melatonin (Falcon and Meissl, 198 1; Falcon, 
1984; Falcon and Collin, 1985, and references therein). The 
daily oscillations in NAT activity (in vivo and in vitro) and of 
melatonin content (in vivo) or release (in vitro) correlate well 
with the daily changes of N-acetylserotonin-like and melatonin- 
like compounds, evidenced cytochemically (Falcbn, 1984; Fal- 
con and Collin, 1985; Falcon et al., 1987, and present work). 
Altogether, it seems reasonable to propose that both types of 
pineal photoreceptors are involved in the photoperiodic control 
of melatonin biosynthesis and release in the pike. It has been 
suggested that the pineal photoreceptors of vertebrates are com- 
ponents of the circadian system and that they might contain (at 
least in some species) an oscillator in addition to the photore- 
ceptive unit and to the machinery for melatonin production 
(Collin et al., 1986a, b). Information is now available concerning 
(1) the photoperiodic regulation of melatonin biosynthesis and 
release and (2) the regional distribution and structure/function 
of both types of photoreceptor cells in the pineal of pike. Un- 
doubtedly, this organ offers interesting perspectives, at the cel- 
lular level, not only for the localization of the oscillator(s), but 
also for the study of the mechanisms of the oscillations and its 
(their) entrainment by exogenous factors. In view of the data 
discussed here, it appears that the results obtained in this lower 
vertebrate might permit insights into the physiology of extra- 
retinal and retinal photoreceptor cells. 
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