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CHAPTERR 2 

SuprachiasmaticSuprachiasmatic control of melatonin synthesis in rat: inhibitory 
andand stimulatory mechanisms 

Stephaniee Perreau-Lenz, Andries Kalsbeek, Marie-Laure Garidou, Joke Wortel, Jan van der Vliet, 

Carolinee van Heijningen, Valerie Simonneaux, Paul Pévet & Ruud M. Buijs 

EurEur J Neurose (2003) 17: pp.221-228 

Abstract t 

Thee suprachiasmatic nucleus (SCN) controls the circadian rhythm of melatonin 
synthesiss in the mammalian pineal gland by a multisynaptic pathway including, suc-
cessively,, preautonomic neurons of the paraventricular nucleus (PVN), sympathetic 
preganglionicc neurons in the spinal cord and noradrenergic neurons of the superior 
cervicall  ganglion (SCG). In order to clarify the role of each of these structures in 
thee generation of the melatonin synthesis rhythm, we first investigated the day- and 
night-timee capacity of the rat pineal gland to produce melatonin after bilateral SCN 
lesions,, PVN lesions or SCG removal, by measurements of arylalkylamine N-acetyl-
transferasee (AA-NAT) gene expression and pineal melatonin content. In addition, we 
followedd the endogenous 48-h-pattern of melatonin secretion in SCN-lesioned vs. 
intactt rats, by microdialysis in the pineal gland. Corticosterone content was measured 
inn the same dialysates to assess the SCN lesions effectiveness. All treatments com-
pletelyy eliminated the day/night difference in melatonin synthesis. In PVN-lesioned 
andd ganglionectomised rats, AA-NAT levels and pineal melatonin content were low 
(i.e.. 12% of night-time control levels) for both day- and night-time periods. In SCN-
lesionedd rats, AA-NAT levels were intermediate (i.e. 30% of night-time control levels) 
andd the 48-h secretion of melatonin presented constant levels not exceeding 20% of 
night-timee control levels. The present results show that ablation of the SCN not only 
removess an inhibitory input but also a stimulatory input to the melatonin rhythm 
generatingg system. Combination of inhibitory and stimulatory SCN outputs could be 
off  a great interest for the mechanism of adaptation to day-length (i.e. adaptation to 
seasons). . 

Introduction n 

Inn mammals, most physiological functions (such as hormone release, metabolism, 

bodyy temperature) show endogenous circadian rhythms that are controlled by the 
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biologicall  clock located in the suprachiasmatic nucleus (SCN) (Buijs & Kalsbeek, 
2001)) and synchronised to the light/dark environment via the retino-hypothalamic 
tractt (Klein & Moore, 1979). One of these functions is the nocturnal synthesis of 
melatoninn in the pineal gland. The SCN is connected to the pineal gland by a multi-
synapticc pathway which successively includes 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) (Larsen et al, 1998; Teclemariam-Mesbah et al, 

1999).. In rodents, the release of noradrenaline into the pineal gland during the night 
(Drijfhoutt et al, 1996c) stimulates the melatonin synthesis pathway. The activation of 
(^-adrenergicc receptors (Reiter, 1991a) causes a 150-fold increase of the gene expres-
sionn of the arylalkylamine N-acetyltransferase (AA-NAT ) and a 50-70-fold increase 
off  its enzymatic activity This process immediately induces a 10-fold rise in the syn-
thesiss and secretion of melatonin (Roseboom et al, 1996). 

Thee brain regions involved in the control of melatonin synthesis were identified by 
previouss lesion (Moore & Klein, 1974; Klein et al, 1983a; Lehman et al, 1984; Bitt-
mann et al, 1989; Tessonneaud et al, 1995; Garidou et al, 2001) and tracing studies 
(Larsenn et al, 1998; Teclemariam-Mesbah et al, 1999). However, the respective roles 
off  these structures in the control of melatonin synthesis generating rhythm have not 
beenn elucidated yet. Besides, the different neurotransmitters used in each step of the 
pathway,, as well as their specific daily pattern of release, remain to be brought to light. 
Recently,, we demonstrated that, in rats, y-aminobutyric acid (GABA) release in the 
PVNN is involved in the light-induced inhibition of melatonin synthesis (Kalsbeek et 

al,al, 1999) and that blocking GABA-ergic transmission from the SCN to the PVN dur-
ingg (subjective) daytime increases melatonin synthesis (Kalsbeek et al, 2000c). These 
resultss suggest that the SCN controls the rhythm of melatonin synthesis by imposing 
ann inhibitory GABA-ergic signal onto the PVN -»pineal pathway during (subjec-
tive)) daytime. We consequently hypothesised that the PVN would sustain a constant 
stimulatoryy drive to the pineal gland, using the SCG as a simple relay 

Thiss study aimed to clarify the respective role of the structures controlling the me-
latoninn generating rhythm system. For the first time within the same experiment, we 
comparedd the effect of SCN lesions, PVN lesions and SCG removal on day- and night-
timee pineal AA-NA T gene expression in rats. In addition, in order to understand 
furtherr the daily pattern of SCN outputs, we determined and compared the effect of 
SCNN lesions on long-term (i.e. 48-h) melatonin and corticosterone secretion profile. 
Followingg our hypothesis, the removal of the influence of the SCN (inhibitory out-
put)) would result in a constant stimulation of the pineal activity and, consequently, in 
constantlyy elevated levels of melatonin release. Preliminary data have been presented 
inn abstract form (Perreau, 2001). 
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Materialss and methods 

Animals Animals 
Inn all experiments we used male Wistar rats (Harlan, Zeist, the Netherlands) kept in 
aa temperature-controlled environment under 12 h light/12 h dark conditions and fed 
abab libitum. Surgery was performed under anaesthesia (see below) 1 week after the 
arrivall  of the rats. During this week they could acclimatize to the new laboratory en-
vironment,, housed at five animals per cage. After surgery, they were housed individu-
ally.. After each surgical procedure and after the postanaesthesia arousal of the rats, 
wee subcutaneously injected them with a depressant analgesic opiate (buprenorfine 
hydrochloride,, 0.324 mg in 50 mg dextrose; Temgesic', Reckitt & Colman Products 
Ltd,, Kingston-Upon-Hull, UK; 0.03 mL/100 g) in order to reduce postoperative pain. 
Alll  our experiments were conducted under the approval of the Animal Care Commit-
teee of the Royal Netherlands Academy of Sciences. 

ExperimentalExperimental set-up 
EXPERIMENTT 1 (EXPl) 

Thiss experiment aimed to study the respective role of each of the following brain ar-
eass in the control of melatonin synthesis: SCN, PVN and SCG. We therefore studied 
thee effect of bilateral thermic lesions of either the SCN or the PVN, and the effect of 
ganglionectomyy on the day and night AA-NAT mRNA and pineal melatonin levels. 
Wee divided the animals in five groups: a group of SCN-lesioned rats, a group of PVN-
lesionedd rats, a group of ganglionectomised rats, a group of Sham-operated rats (elec-
trodess lowered at the SCN coordinates but not heated), and a group of intact (nonop-
erated)) rats. Half of the animals in each group were killed (anaesthetised with C02/02 

andd decapitated) in the middle of the light period (from Zeitgeber time, ZT5 to ZT7) 
andd the other half in the middle of the dark period (from ZT17 to ZT20). We collected 
thee brains taking care that each pineal gland stayed in place. The rostral part of the 
brain,, containing the hypothalamic area, was put in fixative (paraformaldehyde 4%), 
whilee the caudal part, with the pineal gland, was frozen on liquid nitrogen steam. 

EXPERIMENTT 2 (EXP2) 

Inn the second experiment, we followed the daily pattern of melatonin release by 
microdialysiss in the pineal gland (Drijfhout et al, 1993) of SCN-lesioned vs. intact 
ratss during 48-h, in order to investigate the SCN influence on long-term melatonin 
release.. The experiment consisted of two consecutive parts. First, dialysate samples 
weree collected every hour for 30 h, from ZT6 to ZT36. Then, in order to control the 
effectivee placement of the pineal probe, we prolonged the sampling throughout the 
secondd night while we artificially stimulated the pineal gland with the p-adrenergic 
agonistt isoproterenol (ISO, 106 M), from ZT36 to ZT51, by reverse dialysis. To assess 
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thee effectiveness of the SCN lesions, we also measured the corticosterone content of 
thee dialysate samples. 

LesionsLesions and ganglionectomy 

SCNN (EXP1, n= 39; EXP2, n= 40) and PVN bilateral thermic lesions (EXP1, n= 20) 
weree performed in rats of 180-200 g. The animals were anaesthetised with a combi-
nationn of a neuroleptanalegesic mix (fentanyl citrate, 0.315 mg/mL, and fluanisone, 
100 mg/mL; Hypnorm", Jansen Pharmaceutical Ltd, Oxford, England; 0.06 mL/100 g 
i.m.)) and a benzodiazepine (midazolam hydrochloride, 5 mg/mL; Dormicum', Ro-
chee Nederland B.V., Mijdrecht, the Netherlands; 0.04 mL/100 g s.c.) and placed in 
aa David Kopf stereotact (David Kopf Instruments, Tujunga, CA, USA). SCN lesions 
weree performed as previously described (Kalsbeek et al, 2000c) while the different 
parameterss of the PVN lesion protocol were determined in a pilot study. Thermic 
stainlesss electrodes were lowered bilaterally to the stereotaxic coordinates of either 
thee SCN (tooth bar set at + 5.0 mm; angle of <6°; coordinates: 1.4 mm rostral to 
bregma;; 1.1 mm to midline; 8.3 mm below the brain surface) or the PVN (tooth bar 
sett at - 3.3 mm; angle of 10°; coordinates: - 2 mm rostral to bregma; + 2 mm to mid-
line;; 7.4 mm below the brain surface). The tips of the electrodes were heated for 60 s, 
att a temperature of 80 °C for SCN lesions and 60 °C for PVN lesions. In order to be 
ablee to make a preselection of the effective SCN-lesions we measured food and water-
intakee after a recovery period of two weeks. The rats that drank > 33% of their 24-h 
water-intakee during 8-h in the middle of the light period (from ZT2 to ZT10) were 
consideredd arrhythmic. Until the final histological analysis we assumed that these rats 
hadd a correct lesion of the SCN and we consequently selected them to be part of the 
SCN-lesionedd group. 

Bilaterall  ganglionectomies were performed (n = 12) as described previously by Gari-
douu et al. (2001) in rats of 200-250 g, 10 days before they were killed. The success of 
thee surgery was checked by observing the ptosis of both eyelids. 

Hybridisation Hybridisation 

Thee dissected and frozen caudal parts of the brain, containing the pineal gland in 

place,, were stored at -80 °C until sectioning. Two series of eight coronal sections of 

200 um of the pineal were realised at the cryostat to use for the in situ hybridisation and 

thee remainder of the pineal, which approximately corresponds to half of the pineal 

gland,, was collected out of the brain and then sonicated in 500 ul sodium phosphate 

bufferr to measure the melatonin levels by radio immunoassay. In situ hybridisation 

wass performed on 20-um-thick coronal brain sections mounted onto gelatine-coated 

slidess as previously described (Garidou et al, 2001). Briefly, the riboprobes were 

synthesisedd from the linearised pBluescript-cytomegalovirus phagemid containing 
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thee cDNA encoding AA-NAT (1311 bp) (Roseboom et a/., 1996) using either T7 (an-
tisense)) or T3 (sense) RNA-polymerase (MAXIscript transcription kit, Ambion Cli-
nisciences,, Montrouge, France; a[35S]-UTP, 1250 Ci/mmol, NEN-Dupont, Zaventem, 
Belgium).. Both probes were hydrolysed by alkaline treatment to generate 200-bp-
longg fragments. The prehybridisation steps included fixation, acerylation and dehy-
dration,, at room temperature. Hybridisation was performed overnight at 54 °C with 
1200 ul/slide in a hybridisation medium containing 80 amole/ul of antisense or sense 
probe.. Non-specific signal was removed following a wash in 0.02 Kunitz unit/mL type 
X-AA ribonuclease (Sigma) for 30 min at 37 °C. Finally, brain sections were washed, 
dehydratedd and air-dried before 48-h of exposure to an autoradiographic film (Hy-
perflimm MP, Amersham, Orsay, France). Quantitative analysis of the autoradiograms 
wass performed using the computerised analysis system Biocom-program RAG 200. 
Specificc hybridisation was determined as the difference between total (antisense) and 
nonspecificc (sense) hybridisation. 

Microdialysis Microdialysis 
Inn the second experiment we measured pineal melatonin release in preselected SCN-
lesionedd (n = 10) and SCN-intact rats (n = 10). The microdialysis perfusion started 
afterr a recovery period of 6 days. Probes were perfused with Ringer, or ISO (106 M) 
att a flow rate of 3 ul/min. Dialysate samples were collected every hour and stored at 
-200 °C until melatonin and corticosterone assay. 

Radioimmunoassays Radioimmunoassays 
EXPERIMENTT 1 

Ass explained above, after sectioning half of the pineal gland, we took the other half 
andd sonicated it in 500 ul sodium phosphate buffer. Melatonin content was measured 
inn 100 ul of pineal homogenate by radioimmunoassay as previously described (Si-
monneauxx et al., 1993). Protein content was measured in 100 ul, following the proto-
coll  of Lowry et al. (1951), using a bovine serum albumin as standard. 
EXPERIMENTT 2 

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 con-
centrationn of 1 mg/mL. The standard range of dilutions extended from 3.75 pg/mL 
too 4 ng/mL, and the minimum detection limit level was 4 pg/mL. The intra-assay 
coefficientss of variation were 19, 13 and 13% for standards containing 60, 300 and 
1500pg/mL,, respectively, and the interassay coefficient of variation between seven 
assayss was 22, 13 and 3%, for the 3 concentrations mentioned before (Barassin et al, 
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1999).. Corticosterone concentrations in the dialysates were measured in duplicates by 

radioimmunoassayy using commercially available 125I-labelled corticosterone radioim-

munoassayy kit (ICN Biomedical Division, Carson, CA, USA). The intra-assay and 

interassayy (at 50% binding of the standard curve) coefficients of variation were 7.4% 

andd 6.7%, respectively. The lower limit of sensitivity using this method is 5 ng/mL. 

Immunocytochemistry Immunocytochemistry 

Afterr fixation, the hypothalamus was sectioned on a vibratome. Hypothalamic 

sectionss were stained for vasopressin (VP), vasoactive intestinal peptide (VIP) or 

oxytocinn (OT) in order to analyse the extent of the lesions. If VP- or VIP-containing 

neuronss were detected in the SCN area, the animals were removed from the group of 

SCN-lesionedd rats. PVN-lesioned rats that still presented some VP- or OT-containing 

neuronss in the PVN area were considered as partially lesioned. 

DataData analysis 

Dataa from both experiments are expressed as mean  SEM. For all analysis realised in 

thiss study P < 0.05 was considered significant. 
EXPERIMENTT 1 

Sincee the distribution of the data was strongly different from a normal distribution 
(Shapiro-Wilkk normality test, W= 0.63, P < 0.0001), we chose to analyse the data 
off  this experiment with the nonparametric Kruskal-Wallis test followed by multiple 
comparisonss (Conover, 1980). 

EXPERIMENTT 2 

Inn order to avoid the factor of microdialysis probe placement, we only analysed the 

dataa of animals that had a mean >200 pg/mL/h of melatonin release during the dark 

periodd (for SCN-intact rats) or during the ISO perfusion (for SCN-lesioned rats). The 

dataa were analysed using a repeated-measures analysis of variance (ANOVA) with the 

factorss 'lesion' and 'time' followed by a Student-Newman-Keuls posthoc test if neces-

sary. . 

Inn order to measure the individual circadian rhythmicity of either melatonin or 

corticosteronee the data points of individual animals were subjected to a statistical 

analysiss by the cosinor method (Table Curve", Jandel Scientific, CA, USA) using only 

aa 24-h period as the fundamental rhythm. 

Results s 

Respectivelyy 11 and 10 SCN-lesioned rats were preselected for the two experiments 

onn the basis of their drinking behaviour. Their respective mean percentages of water 

intakee during 8-h of the light period were 34.1  0.6% and 34.0  1.0%. In PVN-le-
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sionedd rats and in Sham-lesioned rats this percentage was, respectively, 13.9  1.4%, 

11.88 . 
Inn the first experiment, we also measured the food intake of the animals. The to-

tall  24-h food intake did show a significant difference between groups (F2127 = 7.67, 
PP < 0.001). No significant difference (posthoc tests; P = 0.155) was present between 
SCN-lesionedd rats (20.19  0.37 g) and intact rats (22.17  0.52 g), but food intake 
significantlyy increased (posthoc tests; P < 0.05) in PVN-lesioned rats (24.53  0.74 g). 
Inn addition, the pattern of feeding of the animalss significantly changed after treatment 
(FF = 27.60, P < 0.001). Indeed, daytime food consumption as observed in intact rats 
(0.155 + 0.04 g/h) significantly increased in both SCN-lesioned rats (1.03  0.04 g/h) 
andd PVN-lesioned rats (0.67  0.08 g/h). 

Confirmationn of the correct size and site of the lesion was obtained at the end of the 
experimentt after histological examination using VP and VIP staining for the SCN le-
sionss and VP and OT for the PVN lesions (Fig.1). The analysis of the sections enabled 
uss to select the rats which presented a complete bilateral lesion of the SCN (EXP1, 

Figuree 1 Coronal brain sections of hypothalamus immuno-stained for VP in control rats (a), 
SCN-lesionedd rats (b) and PVN-lesioned rats (c, d). Note that the SCN-lesioned rats present 
aa complete SCN lesion and intact PVN, and that PVN-lesioned rats present a complete PVN 
lesionn without any damage on the SCN. OC, Optic chiasma; III , third ventricule. 
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99 out of 11 rats; EXP2, 8 out of 10 rats). Even though none of the PVN-lesioned rats 

(nn = 20) showed a complete lesion, in all animals dorsal and ventral parts of the PVN 

(whichh contain the preautonomic neurons) were lesioned. 

ExperimentExperiment 1: day/night AA-NATgene expression 

Sincee no significant difference of either daytime (U = 2, P = 0.06) or night-time 
(UU = 8, P = 0.39) AA-NA T gene expression levels between Sham-lesioned rats and 
intactt (non-operated) rats were found following Mann-Whitney tests, these two 
groupss were combined as one control group (n = 20). 

Thee nonparametric analysis on AA-NAT levels of expression revealed highly sig-
nificantt differences between the 8 different groups (Kruskal-Wallis Test; P < 0.001) 
wee tested together. In control rats, AA-NAT mRNA levels presented a clear day/night 
rhythmm with a typical rise of about 100-fold at night-time (P < 0.001). This day/night 
rhythmm completely disappeared in all other groups, i.e. SCN-lesioned rats (P = 0.35), 
PVN-lesionedd rats (P = 0.10) and ganglionectomised rats (P = 0.79) (Fig. 2A). In 
SCN-lesionedd rats, both day- and night-time AA-NA T gene expression showed a 
moree than 10-fold increase as compared to the daytime control group (P < 0.001). 
Inn addition, the multiple comparison tests, following the nonparametric analysis of 
ourr data, revealed that the night-time AA-NAT mRNA levels of SCN-lesioned ani-
malss were significantly 3-times higher than the levels measured in PVN-lesioned and 
ganglionectomisedd rats (P < 0.001). Still, the increased values of the SCN-lesioned 
animalss only amounted to 30% of night-time control levels. No significant difference 
off  AA-NA T gene expression could be observed between the different groups of PVN-
lesionedd rats and ganglionectomised rats (multiple comparison tests; 0.18 < P < 1). 
Thesee levels of AA-NA T gene expression were significantly higher than daytime con-
trols,, although the absolute levels were relatively low, i.e. 12% of night-time controls. 
Melatoninn levels measured in the pineal glands of these animals showed the same 
fluctuationsfluctuations than the AA-NAT mRNA levels (Fig. 2B). 

ExperimentExperiment 2: pattern of melatonin secretion 

Onee out of the eight SCN-lesioned rats and 2 out of the 10 intact rats were removed 

fromm the final analysis because the levels of melatonin they presented were < 200 pg/ 

mL/h,, probably due to a microdialysis probe misplacement. 

Overr the 48-h of sampling, intact rats showed two peaks of melatonin and of corti-

costeronee secretion (Fig. 3 A, B). The peak of melatonin secretion presented a 16-fold 

risee in the middle of the night while the corticosterone peaks presented a 24-fold rise 

att the day/night transition. Due to the stimulation of the pineal gland with ISO per-

fusion,, the area under the curve of the two melatonin peaks was significantly different 

(PP = 0.003). In contrast, the second peak of corticosterone was not affected by the ISO 
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A.. 2500 r 1313 Day 
 Night 

(6)(6) (8) (4) (5) 

Controll SCN-x 
(8)(8) (9) (4) (4) 

PVN-xx SCG-x 

n^r i i 
(5)(5) (8) (4) (5) 

Controll SCN-x 
(7)(7) (8) (4) (4) 

PVN-xx SCG-x 

Figuree 2 Day/night AA-NAT gene expression (A) and pineal melatonin content (B) in the pin-
eall  gland of Control rats vs. SCN-lesioned (SCN-x), PVN-lesioned (PVN-x) and ganglionec-
tomisedd (SCG-x) rats. The numbers in brackets correspond to the number of animals of each 
group. . 

perfusionn and was not significantly different from the first peak (P = 0.61). 

Inn contrast to the intact rats, the 24 h rhythm of melatonin and corticosterone 
releasee was completely abolished in SCN-lesioned rats. The typical nocturnal peak 
off  melatonin release was deficient during the first dark period and the levels of mela-
toninn measured throughout this period were not significantly different from the levels 
measuredd throughout the 12 daytime hours that followed (F1 = 0.613, P = 0.435). 
Althoughh a small increase is apparent in the mean levels of the SCN-lesioned animals, 
noo significant difference was found between ZT5-ZT12 and ZT28-ZT36 (Fl m = 2.51, 
PP = 0.12). Albeit relatively low, i.e. 20% of nocturnal levels in control animals, these 
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Figuree 3 Long-term secretion pattern of melatonin (A) and corticosterone (B) in intact (open 
circles)) vs. SCN-lesioned (closed circles) rats measured by microdialysis in the pineal gland. A 
solutionn of ISO was applied through the microdialysis probe in order to artificially stimulate 
thee pineal gland and by this way check the capacity to measure the release of melatonin. These 
graphss represent mean data (  SEM) of 8 intact rats and SCN-lesioned rats. (A) Note that the 
relativelyy low melatonin levels measured in SCN-lesioned increase after ISO perfusion, show-
ingg that (1) the pineal is able to synthesize melatonin and (2) that our probes were correctly 
implantedd in the gland. 
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levelss were significantly higher than the basal daytime values measured in intact rats 
(Fjj  15 = 66.57, P < 0.001). During the second part of the experiment, stimulation with 
ISOO perfusion induced a =5-fold increase of melatonin secretion. In both SCN-le-
sionedd and control rats, the dose of ISO we applied (10~6M) was not sufficient to 
sustainn constant high levels of melatonin synthesis at the end of the dark period. This 
decreasee of potency is probably due to a desensitisation of the p-adrenergic receptors 
off  the pineal gland. Corticosterone secretion in SCN-lesioned rat was constant with 
intermediatee levels (33% of peak levels in intact rats). This secretion in SCN-lesioned 
ratss was also not affected by the ISO perfusion within the pineal gland. 

Thee cosinor analysis was realized on the 48-h of sampling for corticosterone and 
onlyy on the first 30-h of sampling for melatonin. The results are summarised in Ta-
blee 1. All but one (r46) of the control animals showed very significantt fits of both their 
melatoninn and corticosterone rhythm, i.e. assuming a 24-h cosine rhythm explained 
>> 60% of the variation observed. The acrophases of melatonin and corticosterone 
rhythmss were located at ZT19.50 and ZT13, respectively. Unlike control rats, in the 
SCN-lesionedd group only 4 and 1 animals showed a significant fit  for, respectively, 
theirr melatonin and corticosterone rhythms. However, no animal showed a signifi-
cantt fit  of both rhythms. In addition, in the lesioned animals showing significant fits, 
thee amplitude of the rhythm was strongly decreased and the acrophase was shifted. 

Discussion n 

Thee first experiment of the present study allowed us to establish, for the first time, a 

ratioo in the control of melatonin synthesis between the different structures involved 

inn the SCN -> pineal pathway. The constant intermediate levels of AA-NAT gene ex-

pressionn and melatonin release observed in SCN-lesioned rats reveal three essential 

pointss about the control of the melatonin rhythm. First, without any SCN input a 

basicc stimulatory effect on pineal gland activity (30% of night-time AA-NAT mRNA 

levels)) is maintained by the PVN. Second, the intrinsic activity of the sympathetic 

PVNN neurons is silenced by an inhibitory SCN input during the light period, and 

third,, the SCN is also responsible for the stimulation of melatonin synthesis during 

thee night. This last point was confirmed clearly by the second experiment showing 

thatt in the absence of the SCN, the noradrenergic fibres originating from the SCG are 

nott stimulated during the dark phase. 

Thee significantly higher levels of AA-NAT gene expression and melatonin content 

measuredd during daytime in SCN-lesioned rats (compared to PVN-lesioned and gan-

glionectomisedd animals), are in line with our previous results (Kalsbeek et al, 2000c), 

andd confirm that the SCN sustains an inhibitory output on the activity of the PVN-» 

pineall  gland pathway. It is likely that this is a direct effect of the SCN on autonomic 
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Tablee 1 Cosinor analysis of individual melatonin and corticosterone 
lesionedd and intact rats. 

Ratt number 

Melatoninn secretion 
IntactIntact rats 

r41 1 
r42 2 
r43 3 
r45 5 
r46 6 
r47 7 
r48 8 
r49 9 
Mean n 
SEM M 

SCN-lesionedSCN-lesioned rats 
r6 6 
r l l l 
r24 4 
r25 5 
r28 8 
r29 9 
r38 8 
Mean n 
SEM M 

Corticosteronee secretion 
IntactIntact rats 

r41 1 
r42 2 
r43 3 
r45 5 
r46 6 
r47 7 
r48 8 
r49 9 
Mean n 
SEM M 

SCN-lesionedSCN-lesioned rats 
r6 6 
r l l l 
r24 4 
r25 5 
r28 8 
r29 9 
r38 8 
Mean n 
SEM M 

r2 2 

0.67 7 
0.78 8 
0.55 5 
0.77 7 
0.13 3 
0.64 4 
0.72 2 
0.78 8 
0.63 3 
0.08 8 

0.32 2 
0.53 3 
0.06 6 
0.01 1 
0.27 7 
0 0 
0.57 7 
0.25 5 
0.09 9 

0.75 5 
0.75 5 
0.71 1 
0.8 8 
0.72 2 
0.83 3 
0.75 5 
0.79 9 
0.76 6 
0.01 1 

0.06 6 
0 0 
0.01 1 
0.03 3 
0.02 2 
0.3 3 
0.03 3 
0.06 6 
0.04 4 

F-value e 

22.29 9 
39.54 4 
12.4 4 
36.94 4 
1.62 2 

19.79 9 
27.97 7 
39.37 7 
24.99 9 
4.84 4 

5.22 2 
12.25 5 
0.71 1 
0.2 2 
4.12 2 
--

14.49 9 
6.17 7 
2.43 3 

64.53 3 
67.51 1 
53.25 5 
93.26 6 
52.72 2 

115.33 3 
69.04 4 
90.01 1 
75.71 1 
7.74 4 

1.42 2 
--
0.25 5 
0.67 7 
0.6 6 
8.77 7 
0.61 1 
2.05 5 
1.35 5 

Dailyy mean 
(pg/ml/h) ) 

391.57 7 
659.69 9 
418.1 1 
453.91 1 
140.35 5 
361.01 1 
390.34 4 
724.65 5 
442.45 5 
64.19 9 

280.08 8 
46.64 4 
52.54 4 

171.41 1 
218.4 4 
252.13 3 
57.76 6 

137.8 8 
40.77 7 

35.27 7 
70 0 
52.99 9 
54.13 3 
76.64 4 
79.22 2 
43.01 1 
48.19 9 
57.43 3 
5.7 7 

47.25 5 
46.95 5 
67.65 5 
44.77 7 
43.53 3 
69.95 5 
49.83 3 
53.83 3 
4.82 2 

secretion n patternss of SCN -

Amplitudee Acrophase 
(%)) (ZT) 

137.78 8 
118.76 6 
137.56 6 
113.3 3 

--
137.61 1 
101.9 9 
128.81 1 
125.1 1 

5.35 5 

29.73 3 
39.92 2 

--
--

44.8 8 
--

22.78 8 
34.31 1 
4.96 6 

110.09 9 
126.63 3 
92.7 7 

112.93 3 
98.94 4 
98.49 9 

111.49 9 
89.65 5 

105.11 1 
4.36 6 

--
--
--
--
--

23.75 5 
--
--
--

19.4 4 
18.7 7 
19.5 5 
19.2 2 
--

20 0 
18.7 7 
19.5 5 
19.29 9 
0.18 8 

16.5 5 
15.1 1 

--
--

18 8 
--

21.6 6 
17.8 8 
1.4 4 

13.1 1 
13 3 
13.7 7 
12.8 8 
12.5 5 
13.7 7 
13.3 3 
11.6 6 
12.96 6 
0.24 4 

--
--
--
--
--

20.5 5 
--
--
--

Amplitudee (equal to one-half the total extent of the sinusoid and expressed as a percentage rela-
tivee to the daily mean) and acrophase (peak time of the fitted cosine) are only shown for animals 
showingg a significant fit. 
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PVNN neurons, because viral tracing studies from the pineal only show second order 
labellingg in the hypothalamus in these autonomic PVN neurons before the SCN 
neuronss are infected (Larsen et al, 1998; Teclemariam-Mesbah et al, 1999). As til l 
noww no spontaneous activity in PVN neurons projecting to the spinal cord has been 
detected,, although PVN neurons projecting to the brainstem did show such a spon-
taneouss activity (Stern, 2001). The lack of spontaneous activity in 'sympathetic' PVN 
neuronss might be due to the presence of an extrinsic tonic inhibitory input to those 
neuronss (Stern, 2001). The present results indicate that the SCN could be one of these 
extrinsicc sources. 

Onn the other hand, in the absence of the SCN, the AA-NAT and melatonin levels 
didd not reach the maximum levels as observed in control rats at night. The histological 
controlss as well as the corticosterone data of the SCN-lesioned animals support that 
thee lesions were restricted to the SCN area. Thus, these intermediate levels suggest 
thatt the PVN, on its own, is by no means able to maximally stimulate pineal gland 
activity.. Therefore, the present results clearly reveal that the SCN, in addition to its 
inhibitoryy role, also has a crucial role in stimulating melatonin synthesis. 

Thee relatively low levels of AA-NAT gene expression (i.e. 12% of control night-time 
AA-NA TT mRNA levels) observed during day- and night-time after PVN lesion and 
SCGG ablation confirm that both structures are essential for the nocturnal stimulation 
off  pineal gland activity. The basal rate of pineal activity maintained after removal of 
eitherr the PVN or the SCG corresponds to the results observed previously by Garidou 
etet al (2001) after SCG ablation. On the other hand, the fact that these levels are signif-
icantlyy higher than control daytime levels implies the necessity of an inhibitory signal 
viaa the PVN and the SCG to lower melatonin and AA-NAT expression to day-time 
levels.. These results thus confirm that the PVN and the SCG act as a relay of inhibi-
toryy and stimulatory signals. 

Att first glance, it seems attractive to assume daytime inhibition and night-time 
stimulationn of the autonomic PVN neurons by SCN efferents. However, after ap-
plicationn of a GABA-antagonist in the PVN during daytime (Kalsbeek et al.y 2000c), 
melatoninn release increased almost to night-time levels. The present study shows that 
completee ablation of the SCN results in relatively low melatonin synthesis and release 
comparedd to intact night-time levels. Although the two studies were not conducted 
withinn the same experiment it is clear that removing the entire SCN is different from 
simplyy blocking its inhibitory output towards the PVN -> pineal pathway. Conse-
quently,, we conclude that the SCN provides a stimulatory output not only at night but 
alsoo during the daytime. 

Therefore,, we propose that the control of the melatonin rhythm is composed of 
aa combination of a constant stimulatory and a rhythmic inhibitory SCN output 
(Fig-4). . 
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Figuree 4 SCN control of pineal gland activity through the preautonomic PVN neurons. We 
proposee that the pineal gland activity rhythm is controlled by combined rhythmic inhibitory 
(sustainedd by a GABA-ergic output) and a constant stimulatory SCN output (witch could be 
sustainedd by a glutamatergic output). 

Itt may seem surprising to propose a stimulatory output of the SCN during the dark 
periodd since, as reported so far, SCN activity seems to be mainly restricted to (sub-
jective)) daytime (Schwartz & Gainer, 1977; Inouye & Kawamura, 1979; Shibata et 

al,al, 1982; Bos & Mirmiran, 1990). However, in vitro studies measuring the activity 
off  individual SCN neurons have also shown evidence for SCN neurons with an op-
posite-phasee of activity (Herzog et al, 1997; Nakamura et al, 2001). It is likely that 
duee to the small number of these night-time active SCN cells, multi-unit activity 
recordingg prevents detection of their activity. Furthermore, Nakamura et al. (2001) 
recentlyy reported that 16% of the SCN neurons recorded with a multielectrode plate 
weree not rhythmic. Such SCN neurons, showing activity throughout 24 h, could sup-
portt a constant stimulatory input. In addition, the lower firing rate during the dark 
periodd could still be sufficient to release small neurotransmitters such as GABA and 
glutamatee (Hermes et al, 2000). 

Thee concept of simultaneous inhibitory and stimulatory SCN outputs during day-
timee is interesting. Although the stimulatory SCN output during (subjective) daytime 
iss not apparent in control conditions, the constant presence of a stimulatory input to 
thee melatonin rhythm generating system might reveal its utility in case of a phase-
advancee of the dark period. Thanks to the presence of a constant stimulatory input, 
removall  of the inhibitory signal will result in the immediate start of melatonin syn-
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thesis,, as clearly illustrated by our previous study (Kalsbeek et al, 2000c). Without the 
presencee of a constant stimulatory input an earlier onset of melatonin synthesis can 
onlyy occur after the stimulatory input has shifted to the night-time. A quicker adapta-
tionn to a modification of the light/dark environment is, of course, of great interest for 
thee mechanism of adaptation to day-length (i.e. seasons). 

Thee present study provides a new insight for a nocturnal role of the SCN. This study 
clearlyy proves that the rhythm of melatonin synthesis is not formed by a single circa-
diann (daytime) inhibitory signal derived to the PVN from the SCN, but by a combina-
tionn of this inhibitory signal with a stimulatory input to the PVN, also derived from 
thee SCN. As it was proposed previously for the control of corticosterone by the SCN 
(Kalsbeekk & Buijs, 1996), the SCN also seems to use multiple outputs for the control 
off  melatonin synthesis. However, looking at the mean levels of corticosterone and me-
latoninn in SCN-lesioned animals in comparison with the peak levels in intact animals, 
thee stimulatory SCN output seems more important in the generation of melatonin 
rhythmm than in the generation of corticosterone rhythm. On the basis of the recent 
electrophysiologicall  evidence (Hermes et al, 1996; Csaki et a/., 2000; Cui et al, 2001), 
wee propose SCN-derived glutamate release within the PVN as the main candidate for 
stimulationn of melatonin synthesis. Further experiments, using, for instance, NMDA-
antagonists,, need to be done to confirm this idea. 

Acknowledgements s 

Thiss work was supported by grants from the Van den Houten Fund from the NIBR 

andd from the Dutch-French program Van Gogh (VGP 95-372). We thank especially 

Berthee Vivien-Roels for her help with the radioimmunoassays, Joop van Heerikhuize 

forr the imaging treatment, Ronald Verwer for providing the statistical program, 

Wilmaa Verweij for correcting the English and Henk Stoffels for preparing the illustra-

tions. . 

57 7 




