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CHAPTERR 4 

InIn vivo evidence for controlled offset of melatonin synthesis 
byby the suprachiasmatic nucleus in the rat 

Stephaniee Perreau-Lenz, Andries Kalsbeek, Jan Van Der Vliet, Paul Pévet & Ruud M. Buijs 

Submitted Submitted 

Abstract t 

Thee daily rhythm of melatonin synthesis in the rat pineal gland is controlled by the 
centrall  biological clock, located in the suprachiasmatic nucleus (SCN), via a multi-
synapticc pathway involving, successively, neurons of the paraventricular nucleus 
off  the hypothalamus (PVN), sympathetic preganglionic neurons of the intermedi-
olaterall  cell column of the spinal cord, and noradrenergic sympathetic neurons of 
thee superior cervical ganglion (SCG). Recently, we showed that, in the rat, the SCN 
usess a combination of daytime inhibitory and nighttime stimulatory signals towards 
thee PVN-pineal pathway in order to control the daily rhythm of melatonin synthesis, 
y-aminobutyricc acid (GABA) being responsible for the daytime inhibitory message 
andd glutamate for the night time stimulation. In the present study we tested the 
involvementt of these inhibitory and stimulatory SCN outputs in the early morning 
circadiann decline of melatonin release. We hypothesised that, at dawn, the increased 
releasee of GABA onto pre-autonomic PVN neurons results in a diminished noradren-
ergicc stimulation of the pineal, and ultimately an arrest of melatonin release. First, we 
establishedd that prolonged noradrenergic stimulation of the pineal gland was indeed 
sufficientt to prevent the early morning decline of melatonin release. Next, we meas-
uredd the effect of the application of a GABA-antagonist within the PVN on melatonin 
release.. Since blockade of GABA-ergic signalling could not entirely prevent the early 
morningg decline of melatonin, we suggest that, concomitant with an increased release 
off  GABA, an arrest of the SCN-derived glutamate release is a prerequisite for the cir-
cadiann decline of melatonin release. 

Introduction n 

Melatonin,, also called the night hormone, is exclusively synthesised in and released 

fromm the pineal gland in large amounts during the night, in a circadian manner, and 

inn proportion to the night-length. Thereby, melatonin is a perfect output of the central 
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clockk (Reiter, 1993). Besides its help in enforcing the Orcadian message distributed 

byy the central biological clock, the main function of melatonin is that of a photoperi-

odic-messagee distributor, supporting the synchronisation of numerous physiological 

functionss after environmental changes (Pévet, 1987). In mammals the central biologi-

call  clock, located in the suprachiasmatic nucleus (SCN), controls the daily rhythm 

off  many physiological functions via endocrine and/or neuronal pathways, (see for 

revieww Perreau-Lenz et al, in press). The daily rhythm of melatonin synthesis is con-

trolledd by the SCN through a multi-synaptic pathway involving, successively, neurons 

off  the paraventricular nucleus of the hypothalamus (PVN), sympathetic pregangli-

onicc neurons of the intermediolateral cell column of the spinal cord, and noradren-

ergicc sympathetic neurons of the superior cervical ganglion (SCG) (Moore & Klein, 

1974;; Klein et al, 1983a; Lehman et al, 1984; Bittman et al, 1989; Tessonneaud et al, 

1995;; Larsen et al, 1998; Teclemariam-Mesbah et al, 1999; Garidou et al, 2002a). In 

rats,, the release of noradrenalin (NA) into the pineal gland by the sympathetic fibres 

stimulatess melatonin synthesis. The activation of adrenergic receptors (Reiter, 1991b) 

causess a 150-fold increase of the gene expression of the arylalkylamine N-acetyl-

transferasee (Aa-nat) and a 50 to 70-fold increase of its enzymatic activity, inducing 

ann immediate 10-fold rise in the synthesis and secretion of melatonin (Borjigin et al, 

1995;; Roseboom et al, 1996). In vivo evidence showed a clear coupling between no-

radrenalinn release and melatonin secretion in rats (Drijfhout et al, 1996b; Drijfhout 

etet al, 1996c), suggesting that the daily rhythm of melatonin synthesis totally depends 

onn the activation or inactivation of sympathetic fibres by the SCN. However, previous 

studiess in rats (Sassone-Corsi, 1998) and hamsters (Garidou et al, 2003) suggested 

thatt the early morning decline of melatonin synthesis was not the direct consequence 

off  a withdrawal of noradrenalin release at the end of the night, but would rather be 

inducedd by the accumulation of an intra-pineal factor. 

Recently,, we showed that, in the rat, the SCN uses a combination of daytime inhibi-

toryy and nighttime stimulatory signals towards the PVN-pineal pathway, in order to 

controll  the daily rhythm of melatonin synthesis (Kalsbeek et al, 2000c; Perreau-Lenz 

etet al, 2003; Perreau-Lenz et al, 2004), GABA being responsible for the daytime inhib-

itoryy message and glutamate for the night time stimulation. Furthermore, we revealed 

thatt a stimulatory input to the PVN-pineal pathway is also present during the light 

period,, but under normal conditions its stimulatory effect is overwhelmed by the 

GABA-ergicc output of the SCN (Kalsbeek et al, 2000c; Perreau-Lenz et al, 2004). At 

presentt it is not clear whether the stimulatory SCN output to the PVN is derived from 

onee continuously firing population of SCN neurons or whether it is derived from two 

separatee populations of SCN neurons (i.e. one which is active during the light period 

andd one during the dark period). Previously, we hypothesised that the early morning 

declinee of melatonin release would be caused by an increased release of GABA onto 
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thee pre-autonomic PVN neurons, resulting in an arrest of the stimulatory sympa-
theticc input to the pineal gland. The discovery of a stimulatory as well as an inhibitory 
SCNN output, however, presented another possible mechanism for the early morning 
declinee of melatonin release, i.e. a withdrawal of the glutamatergic stimulation of the 
pre-autonomicc PVN neurons. In addition, of course, also a combination of these two 
mechanismss is possible. In order to test these concepts, we first had to prove that the 
earlyy morning melatonin decline is really due to the termination of the nocturnal 
pineall  sympathetic input, and not the result of an intra-pineal factor. Therefore, we 
measured,, in vivo, the effect of an artificial prolongation of the noradrenergic stimula-
tionn on melatonin release, by administering p-adrenergic and a-adrenergic receptor 
agonistss into the pineal gland through reverse microdialysis. In a second experiment, 
wee infused the GABA-antagonist bicucuüine (BIC) in the PVN during the dark/light 
transitionn in order to test the result of the absence of an increased GABA-ergic input 
too the PVN-pineal pathway on the early morning decline of melatonin release. Ac-
cordingg to our initial hypothesis, administration of the GABA-antagonist should pre-
ventt the early morning decrease of melatonin. On the other hand, if the early morning 
declinee of melatonin is also dependent on the withdrawal of glutamate release, block-
adee of GABA signalling would not be sufficient to prevent the melatonin decline. 

Materiall and Methods 

Animals Animals 
Malee Wistar rats (Harlan, Zeist, The Netherlands) were kept in a temperature-control-
ledd environment under 12-h light/12-h dark conditions, fed ad libitum, and housed at 
fivefive animals per cage. For practical reasons, just after their arrival the rats were sub-
jectedd to a new light-dark regime with the transition from dark to light, or Zeitgeber 
Timee 0 (ZTO), scheduled at 1300 h (i.e. lights on from 1300 h to 0100 h). Surgeries 
weree done four weeks after acclimatisation of the animals to the new laboratory en-
vironment.. After surgery, all rats were housed individually All our experiments were 
conductedd under the approval of the Animal Care Committee of the Royal Nether-
landss Academy of Arts and Sciences. 

ExperimentalExperimental set-up 
EXPERIMENTT 1 

Thee first experiment was realised in order to test, in vivo, the capacity of the pineal to 
respondd to a prolonged noradrenergic stimulus and produce melatonin at the dark 
too light transition. Therefore, we investigated whether an artificial continuation of 
thee noradrenergic stimulation at the end of the night is able to prevent the offset of 
melatoninn synthesis. In a first group of rats (group A, n=12), we measured in vivo 
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intra-pineall  melatonin release by microdialysis during three subsequent days. On the 
firstfirst day (Ctrl), dialysate samples were collected from ZT14 to ZT26. On the second 
dayy (ISO), dialysate samples were collected from ZT14 to ZT29. A ^-adrenergic re-
ceptorr agonist, isoproterenol, was added to the pineal perfusate from ZT21 to ZT26. 
Finally,, on the third day (Ctr2), serving as a post-treatment control day, dialysate 
sampless were collected again from ZT14 to ZT26. In a second group of animals 
(groupp B, n=12), we tested the effect of a combined infusion of a (31-adrenergic and 
aa al-adrenergic receptor agonist, isoproterenol and phenylephrine, respectively, on 
thee offset of melatonin release. In this group, dialysate samples were collected dur-
ingg two consecutive days from ZT20 to ZT31. On the first day (Ctr), only Ringer was 
perfusedd through the pineal. On the second day (ISO+Phe), Ringer was also infused 
fromm ZT20 to ZT31 but now isoproterenol and phenylephrine were added to the per-
fusatee from ZT21 to ZT26. 

EXPERIMENTT 2 

Inn the second experiment, we aimed to test whether the early morning arrest of me-
latoninn release was due to an increased GABA-ergic signalling from the SCN to the 
PVN.. Therefore, we measured the effect of a blockade of GABA-ergic signalling in the 
PVNN at dawn on melatonin release in the pineal gland. The release of melatonin was 
followedd during two consecutive days in 16 rats previously implanted with bilateral 
PVNN microdialysis probes and a transversal pineal probe. For both experimental 
days,, pineal gland dialysate samples were collected from ZT20 to ZT30. In addition, 
Ringerr was also perfused in the PVN through the hypothalamic microdialysis probes, 
fromm ZT20 to ZT30. On the second experimental day, BIC was added to the PVN 
perfusatee from ZT21 to ZT28. 

Surgeries Surgeries 

Surgeriess were performed in rats of 300-350 g. The animals were anaesthetized with 

aa neuroleptanalgesic mix (fentanyl citrate, 0.315 mg/ml, and fluanisone, 10 mg/ml; 

Hypnorm',, Jansen Pharmaceutical Ltd., Oxford, England; 0.06 ml/100 g i.m.) and 

aa benzodiazepine (midazolam hydrochloride, 5mg/ml; Dormicum', Roche Ned-

erlandd B.V., Mijdrecht, The Netherlands; 0.04ml/100 g s.c.) and placed in a David 

Kopff  stereotaxic apparatus. The transpineal microdialysis probes were implanted 

transversallyy in the pineal gland as described previously (Drijfhout et al, 1993). In 

thee second experiment, the animals were also implanted with U-shaped microdialysis 

probess aimed at the PVN (tooth bar set at -3.3 mm; angle of-10°; coordinates: 2 mm 

caudall  to bregma; 2 mm to midline; 7.8 mm below the brain surface), as described 

previouslyy (Perreau-Lenz et al, 2004). In order to reduce post-operative pain, all rats 

weree subcutaneously injected with depressant analgesic opiate (buprenorfine hydro-
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chloride,, 0.324 mg in 50 mg dextrose; Temgesic', Reckitt 8c Colman Products Ltd., 
Kingston-Upon-Hull,, UK; 0.03 ml/100 g) after post-anesthesia arousal. The trans-
versall  microdialysis probes implanted in the pineal gland, were made as previously 
describedd (Drijfhout et al, 1993), using the microdialysis membrane Hospal (AN69; 
cut-off:: 35-40 kDa). Also U-shaped microdialysis probes implanted in the PVN were 
madee as previously described (Engelmann et al, 1992; Barassin et al, 2002) using the 
microdialysiss membrane C-DAK™ Artificial Kidney cut-off: 6 kDa (135 SCE cata-
loguee nr. 201-8000, CD Medical Inc., Miami Lakes, Florida, USA). 

MicrodialysisMicrodialysis and chemicals 
Afterr a recovery period of 6-8 days, the microdialysis probes were connected to 
thee system of microinjection pumps as described previously (Bothorel et al, 2002). 
Ringerr was perfused through the dialysis probes at a flow rate of 3 ul/min during 
experimentall  periods and 1 ul/min during resting periods. Dialysate samples from 
thee pineal probe were collected every hour, and stored at - 20° C until melatonin as-
say.. The chemicals isoproterenol (106 M), L-phenylephrine (103 M) and BIC (104 M) 
weree applied to the pineal gland and the hypothalamus, respectively, by reverse dialy-
sis.. Chemical solutions were perfused through the hypothalamic probes at a flow rate 
off  3 ul/min. 

RadioRadio Immunoassays 
Melatoninn concentration of dialysates was measured in duplicate by radioimmu-
noassayy using [125I] melatonin (Amersham, Bucks, UK; specific activity 2000 Ci/ 
mmol)) and rabbit antiserum (AB/R/03, Stockgrand Ltd, Guildford, UK), with a final 
dilutionn of 1:200,000. Stock melatonin (Sigma Chemicals) was stored at a concentra-
tionn of 1 mg/ml. Standard dilutions ranged from 3.75 pg/ml to 4 ng/ml, and the mini-
mumm detection limit level was 4 pg/ml. The intra-assay coefficients of variation were 
19%,, 13% and 13% for standards containing 60, 300 and 1,500 pg/ml, respectively, 
andd the inter-assay coefficient of variation between seven assays was 22, 13 and 3%, 
forr the 3 concentrations mentioned before (Barassin et al, 1999). 

Histology Histology 
Inn order to check the placement of the hypothalamic probes, the animals were per-
fusedd with fixative (paraformaldehyde 4%) at the end of each experiment and Nissl 
counterstainingg was performed on the hypothalamic sections obtained with a vi-
bratomee apparatus. 
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DataData analysis 

Dataa from both experiments are expressed as mean  SEM. For every analysis real-

izedd in this study P <0.05 was considered significant. In order to avoid the factor of 

microdialysiss probe placement, we only analysed the data of animals that had a mean 

>> 200 pg/ml/hr of melatonin release during the control session dark period. Data 

weree analysed using a two-way repeated-measures analysis of variance (ANOVA) with 

thee factors "treatment" and "time", followed by a Student-Newman-Keuls post-hoc 

testt if appropriate. 

Results s 

ExperimentExperiment 1 

Att the time of the experiments, one animal of group A and 3 animals of group B were 
disconnectedd and excluded from the experiment due to their weak health status. One 
moree animal of group B was disconnected due to a block of its microdialysis probe af-
terr a few hours of sampling. After the melatonin assay, 4 more animals (3 rats of group 
AA and 1 rat of group B) were removed from the final analysis due to their low levels of 
melatonin,, suggesting a misplacement of the transpineal microdialysis probe. 

Inn the remaining 8 rats of group A, a clear effect of isoproterenol administration at 
thee end of the dark period on melatonin release could be measured (Fig. 1 A), ANOVA 

alsoo revealed a highly significant effects of time (F12 84=25.02; P <0.0001), treatment 
(F214=8.66;; P <0.01) and interaction (F24 168=2.81; P <0.0001). The infusion of iso-
proterenoll  indeed postponed the complete arrest of melatonin synthesis as shown 
byy the significantly higher levels of melatonin collected between ZT23 and ZT25. In 
addition,, these results show that even in the presence of light, isoproterenol is able 
too stimulate melatonin synthesis. Indeed, at the beginning of the light period (from 
ZT244 to ZT26) melatonin levels of ISO animals are also significantly higher than the 
oness measured at Ctrl. However, when comparing the day-time melatonin levels 
duringg the perfusion of isoproterenol (ZT1 and ZT2 time-points) with the peak-time 
nocturnall  levels of melatonin (ZT21 and ZT22 time-points) during control days, 
post-hocc tests revealed significant differences as well (P <0.001 in all cases). 

Thee data analysis on the remaining 7 rats of group B also revealed a strong effect 
off  the mixed solution of isoproterenol and phenylephrine on the early morning re-
leasee of melatonin, as shown by the highly significant effects of time, treatment and 
interactionn revealed by ANOVA (Flftfi0=19.65, P <0.0001; F(l, 6)=30.04, P <0.01; F(10, 
60)=10.21,, P <0.0001, respectively). As shown in Fig. IB, the simultaneous adminis-
trationn of a a- and a (3-adrenergic agonist in the pineal gland completely prevented the 
offsett of melatonin release. Melatonin levels measured in the last hour of the night pe-
riodd were significantly higher during ISO+Phe than during the control day. Also dur-
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Figuree 1 Melatonin profiles at the transition from dark to light measured before, during and 
afterr the stimulation of the pineal gland with a pi-adrenergic agonist (A) or with a combina-
tionn of a |3l-adrenergic and a ctl-adrenergic agonist (B). In both groups A and B, on the control 
dayss Ctrl (open circles), Ctr2 (open triangles) and Ctr (open circles), melatonin declines before 
thee onset of the light period, whereas on the experimental days (closed symbols) the morning 
declinee is partially (A) or totally (B) prevented. Error bars represent S.E.M. and the *, ** , *** 
indicatee significant differences between time-points of experimental days (ISO and ISO+Phe) 
versusversus the first control day (Ctrl or Ctr) for P < 0.05, P < 0.01 and P < 0.001, respectively, ac-
cordingg to post-hoc analysis. 

ingg the first three time-points in the light period melatonin levels were significantly 

higherr during ISO+Phe than during Ctr. Moreover, during ISO+Phe, the melatonin 

levelss measured during the first 3 hours of the light period were not significantly dif-

ferentt from the peak release measured at ZT23 on the same day (P = 0.97, P = 0.96, 

PP = 0.87 for ZT25, ZT26 and ZT27, respectively) or on the control day (P = 0.77, 

PP = 0.85, P = 0.63 for ZT25, ZT26 and ZT27, respectively). 
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ExperimentExperiment 2 

Fromm the 16 rats operated upon for the second experiment one died during the opera-
tionn and 4 animals had to be excluded from the experiment due to their weak health 
(n=3)) or the blockade of a microdialysis probe (n=l). In addition, 3 more rats were 
excludedd from the analysis due to too low melatonin levels. 

Thee data analysis on the remaining 8 animals revealed a significant effect of BIC 
infusionn in the PVN on pineal melatonin release, as shown by the highly signifi-
cantt effects of time, treatment and interaction revealed by the ANOVA (F 63=8.31, 
PP <0.0001; F(l, 7)=13.65, P <0.01; F(9, 63)=8.12; P < 0.0001, respectively). As shown 
inn Fig. 2, the BIC infusion in the PVN increased melatonin levels during the night pe-
riod.. Indeed, melatonin levels measured in the samples collected between ZT22 and 
ZT244 were significantly higher during BIC administration in the PVN than during 
thee control day or before the start of the BIC infusion (post-hoc tests: P < 0.001 for 
bothh time-points). In addition, melatonin levels measured in the last hour of the dark 
periodd during BIC administration were significantly higher than the one measured in 
controll  conditions. However, melatonin levels measured during BIC infusion during 
thiss final hour of the dark period are still significantly lower than the one measured 
duringg the two preceding hours (post-hoc tests: P < 0.001 for both time-points), or 
thann the one measured before the start of the BIC infusion (post-hoc tests: P < 0.05). 
Onee hour after lights on melatonin levels measured during BIC did no longer differ 
significantlyy from those measured during the control day (post-hoc tests: P = 0.098), 
despitee the still somewhat higher mean level. 

Bicuculline Bicuculline 
16000 -
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— — 
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Figuree 2 Melatonin profiles at the transition from dark to light measured before, during and 
afterr BIC infusion in the PVN. On the control day (open circles) as well as on the experimental 
dayy (closed circles) melatonin declines before the onset of light, despite the higher mean levels 
off  melatonin on the experimental day. Error bars represent S.E.M. and the *, ***  indicate signifi-
cantt differences between time-points of the experimental day versus the control day for P < 0.05 
andd P < 0.001, respectively. 

**** *** 
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Discussion n 

Thee results of the present study provide clear in vivo evidence that in rats the early 
morningg decline of the melatonin rhythm is not due to the accumulation of an in-
tra-pineall  inhibitory factor, but is solely due to the arrest of the sympathetic input to 
thee pineal. Therefore, also the circadian decline of the nocturnal melatonin release 
dependss on a direct control by the central pacemaker in the SCN. It is concluded 
thatt the early morning withdrawal of the sympathetic input to the pineal is due to a 
concomitant,, SCN-mediated, increased GABA-ergic inhibition and decreased gluta-
matergicc stimulation of the pre-autonomic neurons in the PVN. 

MelatoninMelatonin offset is induced by noradrenergic pineal-activation termination 

Inn order to test the ability of the pineal gland to synthesise melatonin at the end of the 
nightt we prolonged the noradrenergic stimulation of the j3- adrenergic, or both the 
(3-adrenergicc and a-adrenergic receptors of the pineal gland, during the final 3-h of 
thee night and during the first 3-h of the light period. These experiments showed that 
ann artificial extension of the sympathetic stimulation at the end of the dark period was 
ableable to rescue the high nocturnal levels of melatonin release, despite the onset of the 
lightt period. Interestingly, in the present experimental conditions, the early morning 
declinee was prevented completely when both (3- and a-adrenergic pineal receptors 
weree stimulated. Previously it has been shown that the sympathetic stimulation of 
thee pineal gland results not only in the activation of the Aa-nat gene, but also in the 
accumulationn of an inhibitory factor such as ICER (Takahashi, 1994; Stehle et al.y 

1995).. It was hypothesised that once this inhibitory factor would have reached a cer-
tainn threshold, i.e. after several hours of sympathetic stimulation, it would inhibit the 
activationn of the Aa-nat gene and thereby the synthesis of melatonin. Moreover, it has 
recentlyy been shown that, in Syrian hamsters, the daily rhythm of melatonin synthesis 
iss framed by inhibitory and stimulatory intra-pineal transcription factors (Garidou et 

at,at, 2003). It was proposed that the necessary synthesis of a stimulatory protein could 
explainn the long delay (7-8 h) between the onset of the dark period and a significant 
effectt on melatonin synthesis in this species. In addition, the inability to stimulate 
melatoninn synthesis during daytime in that species was explained by proposing the 
synthesiss of an inhibitory protein (probably following noradrenalin stimulation), 
startingg at the end of the night. 

Thee present results, however, contradict, at least in rats, an exclusive role for ICER 
orr other intra-pineal inhibitory factors as determining agents for the early morning 
declinee of melatonin. The prolonged stimulation of (3-adrenergic receptors alone was 
sufficientt to prevent a total decline of melatonin synthesis, even in the presence of 
light.. In addition, when stimulating both (3-adrenergic and a-adrenergic receptors, 
wee were able to prevent totally, for the time of the infusion, the decline of melatonin 
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synthesis.. In both cases, melatonin levels decreased within one hour and returned to 

basall  daytime levels within 2 hours after the arrest of the infusion. These results agree 

withh the findings in the CREM knock-out mice (Foulkes et al, 1996). On the one 

handd this study confirmed the inhibitory role of ICER on Aa-nat expression, with null 

mutantt animals showing a significant increase of nocturnal AA-NAT transcripts, with 

ann earlier rise, higher peak levels and a longer persistence than in wild type animals. 

However,, on the other hand, CREM knock-out-animals still displayed a clear Orca-

diann rhythm of the AA-NA T message, clearly indicating that ICER was not involved 

inn the early morning decline of melatonin. 

Thee co-administration of an a-adrenergic receptor agonist clearly potentiated the 

actionn of the ^-adrenergic agonist, as also reported previously for enzyme activity of 

AA-NA TT and melatonin synthesis (Klein et al, 1983b; Drijfhout et al, 1993). How-

ever,, a-adrenergic antagonists do not decrease Aa-nat gene transcription (Roseboom 

etet al, 1996; Garidou et al, 2002b). Consequently, it is likely that the high levels of 

melatoninn measured during the infusion of adrenergic agonists are mainly due to the 

stimulationn of AA-NA T activity. Indeed, the prolongation of noradrenergic activa-

tionn of the pineal certainly prevents the decrease of cAMP levels and consequently 

thee rapid degradation of AA-NAT proteins induced by proteasomal proteolysis and 

dephosphorylisationn by protein phosphatase, as shown after arrest of noradrenergic 

stimulationn after light exposure (Klein & Weller, 1972; Klein et al, 1978; Illnerova et 

al,al, 1979; Gastel et al, 1998). As soon as the infusion of the adrenergic agonists is ter-

minated,, this degradation process is unleashed and low daytime melatonin levels are 

reachedd within 2 hours. Our results further confirm the functionality of the coupling 

betweenn noradrenaline release and melatonin release in the pineal gland as previously 

shownn by Drijfhout et al (1996b). 

TheThe clock signals the end of the night to the pineal gland 

Inn the second experiment, we showed that, also at the end of the dark period, local 

administrationn of the GABA-ergic antagonist BIC in the PVN has a stimulatory ef-

fectt on melatonin release, as previously reported for the light period (Kalsbeek et al, 

2000c).. However, clearly, the administration of BIC was not able to prevent the Orca-

diann decrease of melatonin release, as previously BIC was unable to restore nighttime 

melatoninn levels completely during light period infusions. On the other hand, during 

thee subjective light period, BIC infusions in the PVN are able to completely restore 

melatoninn release, i.e. reaching nocturnal release levels (Kalsbeek et al, 2000c). The 

inabilityy of BIC to restore melatonin release completely during the normal light pe-

riodd is probably due to an incomplete blockade of all GABA-ergic receptors. During a 

normall  light period GABA is released from SCN terminals not only through a Orca-

diann mechanism, but also by a direct light-mediated stimulation of the SCN neurons. 
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However,, the inability of BIC in the present study to prevent the circadian decrease of 
melatoninn release cannot be attributed to a direct inhibitory effect of light since even 
beforee lights on, i.e. ZT23-24, we noticed a significant decrease of melatonin release. 
Apparently,, the circadian decline of melatonin is not due solely to an increased inhibi-
tionn of the pre-autonomic PVN neurons by GABA released from SCN terminals. At 
presentt we see two possibilities. First, next to GABA, an additional inhibitory SCN 
transmitterr is operative, or, secondly, concomitant with the increased GABA release 
inn the PVN, the stimulatory input of the SCN to the pre-autonomic neurons is with-
drawn.. The first possibility would imply that the additional inhibitory SCN transmit-
terr is only released for a few hours during the dark/light transition, because for all 
otherr time-points tested so far, BIC alone is sufficient to elicit the release of melatonin 
(Kalsbeekk et al, 2000c). The withdrawal of the stimulatory input could be accom-
plishedd in two different ways. First, it is possible that a continuously active subpopu-
lationn of glutamatergic SCN neurons is transiently inhibited during the dark/light 
transition.. This possibility, too, would imply that, next to GABA, another inhibitory 
SCNN transmitter is involved. Moreover, this hypothetical inhibitory SCN transmit-
terr could even inhibit the pre-autonomic PVN neurons and the glutamatergic SCN 
neuronss at the same time. Previously we have shown that vasopressin administration 
duringg the final 4 hours of the dark period was not able to induce a premature decline 
off  melatonin release, therefore this third SCN transmitter implicated in the control of 
thee circadian melatonin rhythm is clearly not vasopressin (Kalsbeek et al, 2000c). On 
thee other hand, the withdrawal of the stimulatory input could also be accomplished 
byy an incomplete overlap of two populations of SCN neurons, active either during 
thee light or the dark period, and each responsible for the stimulation of the pre-auto-
nomicc PVN neurons. 

Recentt results obtained in rats showed the existence of a factor, dependent on an 
intactt sympathetic input to the pineal gland, that inhibits Aa-nat gene expression 
duringg the daytime (Garidou et al, 2001; Perreau-Lenz et al, 2003). During the light 
period,, pineal Aa-nat mRNA levels were higher in rats that had their superior cervical 
gangliaa (SCG) removed than in sham-operated animals. These increased levels were 
nott induced by a direct effect of circulating catecholamines on the pineal receptors 
(Garidouu et al, 2001). Because neuropeptide-Y is co-localised with noradrenalin 
inn the sympathetic fibres (Schon et al, 1985; Reuss & Moore, 1989) and it has been 
reportedd to decrease P-adrenergic-induced cAMP accumulation (Olcese, 1991; Si-
monneauxx et al, 1994) and pineal AA-NAT activity (Reuss & Schroder, 1987), it may 
functionn as an inhibitory sympathetic factor. At present, we cannot exclude the pos-
sibilityy that this inhibitory factor derived from the SCG plays a significant role during 
thee dark/light transition. Measurement of pineal NPY release by microdialysis wil l be 
necessaryy to determine the precise role of this peptide in the melatonin generating 
rhythmm system. 
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Inn conclusion, the present results clearly show that the early morning decline of me-

latoninn release cannot be attributed solely to the accumulation of an inhibitory pineal 

factorr or the increased release of GABA from SCN terminals onto the pre-autonomic 

PVNN neurons. Maybe even a third SCN transmitter, next to GABA and glutamate, is 

involvedd in the control of daily melatonin rhythm. However, a definitive elucidation 

off  the mechanism(s) responsible for the circadian decrease of early morning mela-

toninn release can be obtained only by the measurement of the exact daily patterns 

off  GABA and glutamate release within the PVN or the identification of a third SCN 

transmitterr that is released specifically during the dark/light transition. 
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