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CHAPTERR 3 

GlutamatergicGlutamatergic clock output stimulates melatonin synthesis 
atat night 

Stephaniee Perreau-Lenz, Andries Kalsbeek, Paul Pévet & Ruud M. Buijs 

Eur]NeuroseEur]Neurose (2004) 19:pp.318-324 

Abstract t 

Thee rhythm of melatonin synthesis in the rat pineal gland is under the control of the 
biologicall  clock, which is located in the suprachiasmatic nucleus of the hypothalamus 
(SCN).. Previous studies demonstrated a daytime inhibitory influence of the SCN on 
melatoninn synthesis, by using y-aminobutyric acid (GABA) input to the paraven-
tricularr nucleus of the hypothalamus (PVN). Nevertheless, a recent lesion study 
suggestedd the presence of a stimulatory clock output in the control of the melatonin 
rhythmm as well. In order to investigate further this output in acute in vivo conditions, 
wee first measured the release of melatonin in the pineal gland before, during and 
afterr a temporary shutdown of either SCN or PVN neuronal activity, using multiple 
microdialysis.. For both targets, SCN and PVN, the application of Tetrodotoxin (TTX) 
byy reverse dialysis in the middle of the night decreased melatonin levels. Because of 
recentt evidence of the existence of glutamatergic clock output, we then studied the 
effectt on melatonin release of glutamate antagonist application within the PVN in 
thee middle of the night. Blockade of the glutamatergic input to the PVN significantly 
decreasedd melatonin release. These results demonstrate that (1) neuronal activity of 
bothh PVN and SCN is necessary to stimulate melatonin synthesis during the dark 
period,, and that (2) glutamatergic signalling within the PVN plays an important role 
inn melatonin synthesis. 

Introductio n n 

Inn mammals, the endogenous circadian rhythms of physiological functions (such 

ass hormone release, metabolism, and body temperature) are controlled by a central 

biologicall  clock, located in the suprachiasmatic nucleus of the hypothalamus (SCN) 

(Buijss & Kalsbeek, 2001). The daily synthesis of melatonin in the pineal gland, which 

exclusivelyy occurs during the dark phase of the light-dark cycle, represents a stable 

andd reliable output of the biological clock. The SCN is connected to the pineal gland 
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byy a multisynaptic pathway, including, successively, neurons of the paraventricular 
nucleuss of the hypothalamus (PVN), sympathetic preganglionic neurons of the inter-
mediolaterall  cell column of the spinal cord, and noradrenergic sympathetic neurons 
off  the superior cervical ganglion (SCG) (Moore & Klein, 1974; Klein et al, 1983a; 
Lehmann et al, 1984; Bittman et al, 1989; Tessonneaud et al, 1995; Larsen et al, 1998; 
Teclemariam-Mesbahh et al, 1999; Garidou et al, 2001). Recently, we suggested that, 
inn rat, the SCN uses a combination of inhibitory and stimulatory signals towards the 
PVNN for that purpose (Perreau-Lenz et al, 2003). In the present study, we tested this 
conceptt for the first time in acute in vivo conditions. In view of the fact that a stimula-
toryy role of the SCN at night was suggested, and that the main neuronal activity of 
thee SCN is reported during daytime (Schwartz & Gainer, 1977; Inouye & Kawamura, 
1979;; Shibata et al, 1982; Bos & Mirmiran, 1990), we measured the effect of a tem-
poraryy shutdown of the neuronal activity of either the SCN or the PVN, using a local 
tetrodotoxinn (TTX) application by reverse dialysis, on melatonin release. Both inter-
ventionss resulted in a diminished melatonin secretion, as measured by microdialysis 
inn the pineal gland. We previously showed that blocking GABA-ergic transmission to 
thee PVN lift s the inhibition on melatonin synthesis in the pineal gland (Kalsbeek et 

al,al, 1999; Kalsbeek et al, 2000c), which suggested that GABA represents the inhibi-
toryy signal of the SCN to the PVN during daytime. On the other hand, the melatonin 
decreasee observed after the shutdown of the SCN neuronal activity demonstrates 
thee presence of a stimulatory signal during nighttime. Interestingly, recent studies 
indicatee that both GABA and glutamate may be used, respectively, as inhibitory and 
stimulatoryy SCN inputs to regions of the preoptic area involved in the control of 
sleep/wakee rhythm (Sun et al, 2000; Sun et al, 2001). In addition, evidence of gluta-
matee immunoreactivity within presynaptic boutons in the PVN (van den Pol, 1991), 
ass well as evidence of a specific glutamate release from the SCN onto (preautonomic) 
PVNN neurons (Hermes et al, 1996; Csaki et al, 2000; Cui et al, 2001) shore up the 
ideaa of a glutamatergic SCN input to the PVN as well. On the basis of this evidence, 
wee proposed that SCN-derived glutamate release within the PVN is responsible for 
stimulationn of melatonin synthesis. Hence, we investigated the effect on melatonin 
releasee of nightly glutamate signalling blockage within the PVN. 

Materia ll  and methods 

Animals Animals 

Malee Wistar rats (Harlan, Zeist, The Netherlands) were kept in a temperature-con-

trolledd environment under 12-h light/12-h dark conditions, and fed ad libitum. Time 

iss expressed in Zeitgeber Time (ZT) with ZT12 corresponding to the beginning of 

thee dark period. For the experiments requiring sampling during the dark phase of 
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thee animals, the rats were kept in reverse light/dark conditions during 4 weeks be-
foree surgery, in order to assure a total adaptation to the new light/dark regime. Rats 
weighedd 125-150 g and were housed at five animals per cage upon their arrival. For 
thee experiments realized during the light period, the animals (250-275 g) arrived one 
weekk before their operation. After surgery, the rats were housed individually. All ex-
perimentss were conducted under the approval of the Animal Care Committee of the 
Royall  Netherlands Academy of Sciences. 

ExperimentalExperimental set-up 
ININ VIVO ELECTRICA L ACTIVIT Y SHUTDOWN IN THE SCN OR THE PVN 

Thee first part of the study aimed at measuring the effect on melatonin release of a 
temporaryy shutdown of the nighttime electrical activity of either the SCN or the PVN. 
Wee used a multiple microdialysis technique in order to follow the secretion of mela-
tonin,, by transpineal microdialysis, as described previously by Drijfhout et al. (1993), 
before,, during, and after a 2 hours bilateral application, by reverse microdialysis, of 
thee Na2+ channel blocker Tetrodotoxin (TTX) within either the PVN (experiment A) 
orr the SCN (experiment B) in the middle of the dark-period. For both experiments, 
aa Ringer solution (NPBI BV, Emmer-Compascum, The Netherlands) was perfused 
duringg 3 consecutive days (Ctrl, ExpTTX, Ctr2) from the beginning to the end of the 
darkk period (from ZT12 to ZT24) through the microdialysis probe implanted in the 
pineall  gland and the ones implanted in either the PVN or the SCN. Besides, during 
thee second dark period (ExpTTX), TTX was added to the Ringer solution (concentra-
tionn of 106 M) and perfused through the hypothalamic probes from ZT17 to ZT19. In 
addition,, in order to measure the effect of the hypothalamic Ringer perfusion itself on 
melatoninn release, Ringer was perfused only through the pineal probes on an extra-
control-dayy (CTR). 

Inn addition, we measured the effect of a temporary shutdown of SCN neuronal 
activityy during the light period (experiment C). For this purpose we followed the 
secretionn of melatonin during two daytime periods. Therefore, Ringer solution was 
perfusedd within the pineal gland and the SCN from ZT1 to ZT18 for the first day 
(Ctr),, and from ZT1 to ZT11 for the second light period (ExpTTX). We followed the 
melatoninn release during one dark period in order to confirm the correct placement 
off  the microdialysis probe. In addition, during the second light period (ExpTTX), 
TTXX was added to the Ringer solution (concentration of 10 6M) and perfused from 
ZT4-ZT88 within the SCN through the hypothalamic probes. 

BLOCKAG EE OF GLUTAMAT E SIGNALLIN G WITHI N THE PVN AND MELATONI N RELEASE 

Thee second part of this study aimed at investigating the role of the glutamatergic input 
too the PVN with regard to the rhythm of melatonin synthesis. Therefore, we also used 
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thee multiple microdialysis technique to measure the secretion of melatonin before, 

duringg and after the application of an N-methyl-D-aspartate (NMDA) receptor-spe-

cificc glutamate antagonist in the middle of the night. Ringer was perfused through the 

pineall  gland and the bilateral PVN for three consecutive days, from the beginning to 

thee end of the dark period. During the second dark period (ExpMK801), the NMDA 

antagonistt (+/-) MK-801 was added to the Ringer (concentration of 104 M) and ap-

pliedd by reverse microdialysis from ZT17 to ZT19 within the PVN. 

MicrodialysisMicrodialysis Probes and Chemicals 

Twoo kinds of microdialysis probes were used in this study. The microdialysis probes 
implantedd in the pineal gland, or transversal probes, were made as previously de-
scribedd (Drijfhout et al, 1993), using the microdialysis membrane Hospal (AN69; 
cut-off:: 35-40 kDa). The hypothalamic probes, or U-shaped probes, used for reverse 
microdialysiss in the hypothalamus, were made as previously described (Engelmann 
etet al, 1992; Barassin et al, 2002) using the microdialysis membrane C-DAK™ Artifi -
ciall  Kidney cut-off: 6 kDa (135 SCE catalogue nr. 201-8000, CD Medical Inc., Miami 
Lakes,, Florida, USA). 

Differentt chemicals were applied by reverse dialysis in the SCN or PVN. TTX (Toc-
riss Cookson Ltd, Avonmouth, Bristol, UK) was used at a concentration of 106 M, and 
(+/-)) MK-801 (Research Biomedical International, Natrick, MA, USA) was used at a 
concentrationn of 10A M. 

Surgeries Surgeries 

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

withh a neuroleptanalegesic 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 a benzodiazepine (midazolam hydrochloride, 5mg/ml; Dormicum*, Roche 

Nederlandd 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 by Drijfhout et al. (1993). 

Inn addition, U-shaped hypothalamic microdialysis probes were implanted bilaterally 

withinn either the SCN (tooth bar set at +5.0 mm; angle of -6°; coordinates: 1.4 mm 

rostrall  to bregma; 1.3 mm to midline; 8.5 mm below the brain surface) or the PVN 

(toothh bar set at -3.3 mm; angle of -10°; coordinates: 2 mm caudal to bregma; 2 mm 

too midline; 7.8 mm below the brain surface). In order to reduce post-operative pain, 

alll  rats were subcutaneously injected with depressant analgesic opiate (buprenorfine 

hydrochloride,, 0.324 mg in 50 mg dextrose; Temgesic', Reckitt 8c Colman Products 

Ltd.,, Kingston-Upon-Hull, UK; 0.03 ml/100 g) after post-anaesthesia arousal. 
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Microdialysis Microdialysis 
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 were 
collectedd every hour or every half-hour (during the application of TTX and glutamate 
antagonist)) from the pineal probe, and stored at - 20° C until melatonin and corticos-
teronee assay. Chemical solutions (such as Ringer, TTX or glutamate antagonist) were 
perfusedd through the hypothalamic probes at a flow rate of 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. The standard range of dilutions extended from 3.75 pg/ml to 4 ng/ 
ml,, and the minimum detection limit level was 4 pg/ml. The intra-assay coefficients 
off  variation were 19, 13 and 13 % for standards containing 60, 300 and 1,500 pg/ml, 
respectively,, and the inter-assay coefficient of variation between seven assays was 22, 
133 and 3%, for the 3 concentrations mentioned before (Barassin et al, 1999). Corti-
costeronee concentrations in the dialysates were measured in duplicates by radioim-
munoassayy using a commercially available [12SI ] corticosterone radioimmunoassay 
kitt (ICN Biomedical Division, Carson, CA, USA). The intraassay and interassay (at 
50%% binding of the standard curve) coefficients of variation were 7.4% and 6.7%, re-
spectively.. The lower limit of sensitivity using this method is 12.5 pg/ml. 

Immunocytochemistry Immunocytochemistry 
Inn order to check the placement of the probes, the animals were perfused with fixa-
tivee (paraformaldehyde 4%) at the end of each experiment, and immunocytochemical 
stainingg was performed on the brain sections obtained with a vibratome apparatus. 
Alternatingg hypothalamic sections were processed for a Nissl counterstaining or to 
detectt the presence of vasopressin or vasoactive intestinal peptide containing neurons 
andd fibers. 

DataData analysis 
Dataa from all experiments are expressed as mean + SEM. In order to avoid the fac-
torr of microdialysis probe placement, we only analysed the data of animals that had 
aa mean > 200 pg/ml/hr of melatonin release during the control dark periods. The 
dataa were analysed using two-way MANOVA with both treatment (i.e. 3 levels, Ctrl, 

63 3 



PARTT II 

ExpTTXX or MK-801, and Ctr2) and time of day (depending on the experiment 10 or 

144 levels) as repeated measures within-subject factors, MANOVA tests were followed, if 

F-valuess were appropriate, by a Student-Newman-Keuls post-hoc test. For all analyses 

realizedd in this study P <0.05 was considered significant. 

Results s 

Thee MANOVA analysis applied for the comparison of the different control days (CTR, 
Ctrll  and Ctr2) measured in 5 animals did not reveal any significant effect of the 
Ringerr perfusion within the hypothalamic probes on melatonin release (Treatment, 
F(2,6)=2.65,, P = 0.15; Time,F(13, 39)=3.56, P <0.001; Interaction, F(26,78)=0.89, 
PP = 0.62). 

InIn vivo shutdown of electrical activity ofPVN/SCNand melatonin release 

Inn the first place, we tested in vivo the effect of the shutdown of neuronal activity of 
thee PVN in the middle of the night on pineal melatonin release (experiment A). For 
thiss experiment 18 rats were operated. Due to a too strong decrease of their body 
weightt (more than 10%) one week after the operation, or to an obstruction of the 
pineall  probe, 5 animals were not connected to the perfusion system of dialysis. Of the 
133 rats perfused only 11 were perfused for the entire experiment. Of these 11 rats, 3 
moree animals had to be excluded due to the low level of melatonin measured, sug-
gestingg misplacement or damage of the pineal microdialysis probe. All hypothalamic 
probess of the 8 remaining animals were located in or directly adjacent to the PVN as 
observedd after histological analysis of the brain sections (for an example see Fig.1). 

Ass shown in Figure 2A, melatonin release quickly, strongly and significantly (Ta-

blee 1A) decreased following the application of TTX within the PVN (from ZT17 to 

ZT19).. Levels started to decrease 30 minutes after the start of the TTX perfusion and 

reachedd daytime basal levels already after lh. This effect was reversible, and melatonin 

levelss rose to control levels 2 hours after the end of the TTX perfusion. 

Next,, we tested the in vivo effect of shutting-down neuronal activity within the SCN 

inn the middle of the night, on melatonin release in the pineal gland (experiment B). 

Forr this experiment 20 rats were operated and only 13 animals were connected to the 

perfusionn system of dialysis for the same reasons explained above. Of the 13 rats per-

fused,, 11 were perfused for the entire experiment. Due to too low levels of melatonin 

concentration,, 2 additional animals were excluded. Of the 9 remaining animals, 6 

showedd a significant drop of melatonin after TTX application (>80%) and 3 did not. 

Post-hocc analysis of the brain sections revealed a placement clearly anterior of the 

SCNN for the probes of these 3 animals. As shown in Figure 2B for the 6 remaining 

animals,, TTX application in the middle of the night within the SCN also strongly, 
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quicklyy and significantly (Table 1A) decreased melatonin levels, as observed after 
TTXX application at the level of the PVN. Levels started to decrease 30 minutes after 
thee start of the TTX perfusion. Like in the PVN, the effect of TTX application in the 
SCNN was quickly reversible after the end of the perfusion. Indeed, melatonin levels 
reachedd control levels 2 hours after the end of the TTX perfusion. 

Inn order to test the in vivo effect of shutting-down the neuronal activity of the SCN 
onn melatonin release in the pineal gland during the light period, we performed a 
thirdd experiment (experiment C). For this experiment 14 animals were operated. Of 
thesee 14 rats 3 were not connected to the perfusion system of dialysis for the same 
reasonss explained above, and 8 of the 11 rats remaining were perfused for the entire 
experiment.. Of these 8 rats, 3 were excluded, due to either the misplacement of the 
hypothalamicc microdialysis probe (n=l) or due to too low levels of melatonin release 

Tablee 1 Statistical effects of neuronal activity shutdown of either the PVN (experiment A) or 
thee SCN (experiment B and experiment C) on melatonin release in the pineal gland (A) or on 
corticosteronee release (B). Data result from the MANOVA analyses (See Material and Methods). 
"F""  indicates the degree of freedom and "p" the probability for each factor (Time, Treatment, and 
thee interaction between Time and Treatment). The significance threshold is p<0.05. 

A.. Melatonin 

ExperimentExperiment A 

ExperimentExperiment B 

ExperimentExperiment C 

B.. Corticosterone 

ExperimentExperiment A 

ExperimentExperiment B 

ExperimentExperiment C 

Factors s 

Time e 
Treatment t 
Interaction n 

Time e 
Treatment t 
Interaction n 

Time e 
Treatment t 
Interaction n 

Time e 
Treatment t 
Interaction n 

Time e 
Treatment t 
Interaction n 

Time e 
Treatment t 
Interaction n 

F F 

F(13,91) ) 
FF (2,14) 
F(28,182) ) 

F(13,52) ) 
FF (2,8) 
F(26,104) ) 

F(9,36) ) 
F(l,4) ) 
F(9,36) ) 

F(13,78) ) 
FF (1,6) 
F(13,78) ) 

F(13,65) ) 
FF (1,5) 
F(13,65) ) 

FF (9,9) 

FF (1,1) 
FF (9,9) 

== 4.45 
== 5.86 
== 3.75 

== 10.23 
== 0.93 
== 2.24 

== 2.08 
== 0.04 
== 1.66 

== 3.08 
== 0.99 
== 0.74 

== 2.39 
=27.88 8 
== 2.80 

== 1.47 
=90.48 8 
== 2.43 

P P 

p<0.001 1 
p<0.05 5 
p<0.001 1 

p<0.001 1 
p=0.434 4 
p<0.005 5 

p=0.058 8 
p=0.851 1 
p=0.136 6 

p<0.001 1 
p=0.358 8 
p=0.72 2 

p<0.05 5 
p<0.005 5 
p<0.005 5 

p=0.286 6 
p=0.07 7 
p=0.101 1 
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Figuree 1 A representative example of the microdialysis probe placement in the PVN. All probe 
placementss were verified by examining transversal vibratome sections treated with an immuno-
cytochemicall  or Nissl counterstaining. In this example the tips of the microdialysis probes are 
shownn reaching the dorsal part of the PVN in a Nissl stained section. OC: optic chiasma, 3V: 
thirdd ventricle. 

(n=2).. The melatonin data of the remaining 5 rats are shown in Figure 2C. Interest-
ingly,, daytime TTX application within the SCN had no effect on melatonin release. 
Indeed,, melatonin levels were not significantly different (Table 1 A) from the daytime 
basall  levels measured during the control day. 

Inn order to assess the local specificity and efficiency of the TTX administration, we 
alsoo measured the corticosterone levels in the same dialysate samples collected for 
thesee 3 experiments. TTX application in either the PVN or the SCN caused very dif-
ferentt effects regarding corticosterone release (Fig.3). 

TTXX in the PVN did not cause a change in corticosterone release as compared to 
Ctrl ,, but TTX in the SCN caused a clear and significant increase of corticosterone 
releasee during the dark period (Table IB). During the light period, the TTX applica-
tionn increased the levels of corticosterone, but due to the small number of samples 
(thee samples of 3 animals were lost) the statistical analysis did not reach significance 
(Tablee IB). 
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Figuree 2 Effect of a temporary shutdown of the neuronal electrical activity of the P VN or the 
SCNN on melatonin release in the pineal gland. A local 2h perfusion of TTX in the middle of the 
darkk period within either the PVN (A) or in the SCN (B) decreased the release of melatonin 
whenn applied between ZT17-ZT19. But, a 4h perfusion of TTX within the SCN during the mid-
dlee of the light period, from ZT4 to ZT8, has no effect on melatonin synthesis (C). Data are 
expressedd in mean levels of melatonin concentration for each time point of 5 to 8 rats, error bars 
representt SEM. Student-Newman-Keuls post-hoc tests realized after a MANOVA indicate the 
time-pointss that for the day of TTX perfusion were significantly different compared to the first 
controll  day. Significant differences P <0.05 and P <0.001 are respectively indicated by * and ** . 
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Figuree 3 Effect of a temporary shutdown of the neuronal electrical activity of the PVN or the 
SCNN on Corticosterone release. A local 2h perfusion of TTX during the middle of the dark 
period,, from ZT17 to ZT19, did not affect corticosterone release when applied within the PVN 
(A)) but did strongly increase it when applied within the SCN (B). A 4h perfusion of TTX within 
thee SCN during the middle of the light period, from ZT4 to ZT8, also strongly increased the 
releasee of corticosterone (C). Data are expressed in mean levels of corticosterone concentration 
forr each time point of 2 to 8 rats, error bars represent SEM. Student-Newman-Keuls post-hoc 
testss realized after a MANOVA indicate the time-points that for the day of TTX perfusion were 
significantlyy different compared to the first control day. Significant differences P<0.001 are in-
dicatedd by ** . 
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BlockageBlockage ofglutamate signalling within the PVN and melatonin release 

Inn a second series of experiments, we tested the role of endogenous glutamate release 

withinn the PVN on melatonin release. For this purpose, we measured the effect of a 

glutamatee transmission blockage (application of a glutamatergic antagonist) in the 

PVNN on the nocturnal release of melatonin in pineal gland. For this experiment 12 

ratss were implanted with two bilateral hypothalamic and one transpineal microdi-

alysiss probe. Due to a too strong decrease of their body weight (more than 10%) one 

166 18 20 22 
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r r o o ü ü 
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4 4 
\ \ KfMM  7T^J : 

122 14 16 18 20 
^ ^ 

222 24 
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Figuree 4 Effect of a temporary blockade of the glutamatergic signalling within the PVN on the 
nocturnall  melatonin release in the pineal gland (A) and on corticosterone release (B). A local 
2hh perfusion ofglutamate antagonist, +/-MK-801, within the PVN during the middle of the 
darkk period (ZT17-ZT19) decreased the release of melatonin in the pineal gland (A), but did 
nott affect the corticosterone secretion (B). For each time point, data of melatonin and corticos-
teronee concentration are expressed in mean levels of 6 rats, error bars representing the SEM. 
Student-Newman-Keulss post-hoc tests realized after a MANOVA indicate the time-points that 
weree significantly different for the day of TTX perfusion as compared to the first control day. 
Significantt differences P <0.05 are indicated by *. 
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Tablee 2 Statistical effects of glutamatergic signalling blockade on nocturnal melatonin release in 
thee pineal gland (A) and on corticosterone release (B). Data result from the MANOVA analyses 
(Seee Material and Methods). "F" indicates the degree of freedom and "p" the probability for each 
factorr (Time, Treatment, and the interaction between Time and Treatment). The significance 
thresholdd is p<0.05. 

A.. Melatonin 

B.. Corticosterone 

Factors s 

Time e 
Treatment t 
Interaction n 

Time e 
Treatment t 
Interaction n 

F F 

F(13,65)) = 1.97 
FF (2,10) =3.27 
F(26,130)== 2.46 

F(( 13,65) =4.44 
FF (1,5) =0.15 
F(13,65)) = 1.08 

P P 

p<0.05 5 
p=0.081 1 
p<0.001 1 

p<0.001 1 
p=0.718 8 
p=0.389 9 

weekk after the operation, or to an obstruction of the pineal probe, 2 animals were not 
connectedd to the dialysis system of perfusion. Of the 10 rats perfused, 4 animals were 
excludedd due to either an instability between the different control days, suggesting 
damagee of the pineal microdialysis probe (n=2), or due to an incomplete sampling 
patternn (n=2). The melatonin release patterns of the 6 remaining animals are shown 
inn Figure 4A. 

Thee glutamate antagonist infusion within the PVN significantly decreased mela-
toninn release (Table 2A). The effect of MK-801 on melatonin is not as strong and as 
rapidd as the effect observed after TTX application. But just as with TTX, this effect is 
alsoo reversible, and the levels of melatonin increased again and reached the level of 
thee control days 3 hours after the end of the application. As shown in Figure 4B and 
Tablee 2B, the perfusion of the glutamate antagonist did not have any significant effect 
onn the release of corticosterone. 

Discussion n 

Thee present in vivo experiments (1) demonstrate for the first time that nocturnal neu-

ronall  activity of both the SCN and the PVN is crucial to stimulate melatonin synthesis 

inn the rat pineal gland, and (2) clearly reveal that glutamate is an essential neurotrans-

mitterr used by the SCN to stimulate the PVN -> pineal pathway and consequently the 

melatoninn synthesis. 

Acutee in vivo shutdown of the neuronal activity of both SCN and PVN during the 

darkk period caused, indeed, an immediate diminution of melatonin release in the 

pineall  gland. The effect of silencing nocturnal neuronal activity in the PVN could be 
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expectedd from previous lesions studies (Klein et al, 1983a; Lehman et al, 1984; Hast-
ingss 8c Herbert, 1986; Bittman et al, 1989; Larsen et al, 1998). However, the present 
resultss for the first time establish the importance of PVN output for a proficient mela-
toninn production in an in vivo experimental setting and after an acute and reversible 
shutdownn of its neuronal activity. Nocturnal melatonin release was also decreased in 
animalss with permanent thermal lesions of the SCN. But, despite its strong decrease 
nocturnall  levels of mRNA expression of the limiting enzyme for melatonin synthesis, 
arylalkylaminee N-acetyltransferase, and melatonin release in SCN-lesioned animals 
remainedd significantly elevated as compared to basal daytime levels in control animals 
(Bittmann et al, 1989; Tessonneaud et al, 1995; Kalsbeek et al, 2000c; Perreau-Lenz et 

al,al, 2003). The intermediate levels of melatonin release in SCN-lesioned animals and 
thee complete arrest of melatonin release after a temporal shutdown of nocturnal SCN 
neuronall  activity, confirm the dual role of the SCN (i.e. inhibitory and stimulatory) in 
thee control of melatonin synthesis. 

Itt could be argued that due to the very similar effects of TTX administration in the 
PVNN and the SCN on melatonin release, TTX diffusion from one target affects the 
otherr target. However, the analysis of corticosterone release, in the same samples, 
showedd a clear differentiation of PVN and SCN infusions. Indeed, silencing PVN 
neuronall  activity in the middle of the night did not affect the corticosterone levels, 
ass expected, while silencing SCN neuronal activity in the middle of the night, clearly 
increasedd the corticosterone levels. Apparently, SCN neuronal activity is already 
necessaryy in the middle of the night to inhibit corticosterone suggesting that the de-
creasee of corticosterone secretion at this time is not a simple passive mechanism, as 
previouslyy suggested (Kalsbeek et al, 1996c). Consequently, a shutdown of the SCN 
removedd its inhibitory influence on the corticotropin-releasing-hormone neurons of 
thee PVN and then on corticosterone secretion. On the other hand, in control condi-
tionss corticotropin-releasing-hormone neurons in the PVN apparently show littl e 
activityy during the dark period, and an additional shutdown of its activity by TTX 
administrationn in the PVN does not affect corticosterone levels. Thus, the diminution 
off  melatonin release observed after TTX application within the SCN is site specific 
andd cannot be explained by a possible diffusion of the TTX to the PVN. The present in 

vivovivo results, therefore, show a clear functional evidence of nocturnal neuronal activity 
off  the SCN, which is not only crucial for melatonin synthesis in the pineal gland, but 
alsoo for the inhibition of corticosterone secretion. 

Itt may seem surprising to propose a significant output of the SCN during the dark 
periodd since, as reported so far, the SCN is mainly active during (subjective) daytime 
(Schwartzz & Gainer, 1977; Inouye & Kawamura, 1979; Shibata et al, 1982; Bos & 
Mirmiran,, 1990). However, more recent in vitro studies measuring the activity of 
individuall  SCN neurons have shown evidence for SCN neurons with an opposite-
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phasee of activity (Herzog et al, 1997; Nakamura et al, 2001). In addition, Saeb-Parsy 

&&  Dyball (2003a) have shown recently that defined cell groups in the rat SCN have 

differentt day/night rhythms of single-unit activity in vivo, suggesting that for differ-

entt subpopulations of SCN cells the peak time of their activity differs. Therefore, it is 

likelyy that, although the general neuronal activity recorded within the SCN at night is 

lowerr than during the day, the activity of selected populations of SCN neurons wil l be 

responsiblee for the stimulation of melatonin secretion in the pineal gland and for the 

inhibitionn of corticosterone secretion. 

Inn addition, the present study, further confirms our previous data (Perreau-Lenz et 

al,al, 2003) showing that, during the light period, the SCN sustains both an inhibitory 

andd a stimulatory input to the PVN at the same time. We have previously shown that 

blockingg GABA input to the PVN during 4 hours in the (subjective) day allows the 

stimulationn of melatonin synthesis and release in the pineal gland (Kalsbeek et al, 

2000c).. On the other hand, the present results revealed that silencing all SCN neuro-

nall  activity during daytime has no such effect on melatonin release, although the TTX 

solutionn was applied during a period long enough (i.e. 4 hours) for a neo-synthesis 

off  melatonin. Moreover, although no effect could be observed on melatonin release, 

thee strong increase of corticosterone following TTX application in the SCN attests for 

ann effective infusion. Thus, we can conclude that during daytime the effect of a total 

SCNN neuronal activity shutdown is different from the effect of only a blockade of its 

inhibitoryy (GABA-ergic) output to the PVN. These results show that the stimulatory 

SCNN input to the PVN -> pineal pathway is also present and functional during the light 

period,, and is silenced in case of a TTX application in the SCN but not by a blockade 

off  GABA signalling in the PVN. In addition, as already shown by previous studies 

(Buijss et al, 1993a; Kalsbeek & Buijs, 1996; Kalsbeek et al, 1996c), the present results 

confirmm that the SCN control of corticosterone release at this time of the day (middle 

off  light-period) is mainly inhibitory. 

Thee present evidence of glutamate as a SCN neurotransmitter responsible for 

thee stimulation of melatonin secretion fits very well with previous studies showing 

glutamatee as a dominant central excitatory neurotransmitter with an important role 

withinn the hypothalamus (van den Pol et al, 1990; van den Pol, 1991). Moreover, Sun 

ett al. (2000; 2001) recently proposed that SCN projections to the ventromedial and 

ventrolaterall  regions of the preoptic area use both GABA and glutamate as inhibi-

toryy and stimulatory inputs, respectively, for the control of the sleep/wake rhythm. 

Inn addition, several recent studies revealed specific glutamate release from the SCN 

ontoo (preautonomic) PVN neurons (Hermes et al, 1996; Csaki et al, 2000; Cui et al, 

2001).. In the present study, we clearly demonstrated that glutamatergic signalling in 

thee PVN is involved in the stimulation of melatonin synthesis in the pineal gland. 

Indeed,, the blockade of glutamatergic transmission (at least via NMDA receptors) 
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withinn the PVN selectively inhibits melatonin synthesis. At present we cannot exclude 
thee involvement of either other glutamatergic receptors or other stimulating neuro-
transmitterss or neuropeptides in the nocturnal stimulation of melatonin release. 
Accordingly,, further studies wil l be necessary to complete our knowledge on the 
stimulatingg SCN input towards the PVN. However, we can already clearly conclude 
fromm the present study that release of glutamate within the PVN at night is necessary 
too stimulate melatonin synthesis. The present results, obtained with a non-competi-
tivee NMDA receptor antagonist, MK-801, infused specifically in the PVN, confirm 
andd can explain previous results obtained in hamsters after an intra-peritoneal injec-
tionn of MK-801, at ZT19, showing that MK-801 induces a dose-dependent inhibition 
off  melatonin production (Vuillez et al, 1998). It is likely that in this experiment the 
glutamatee antagonist reached the PVN. 

Inn conclusion, the present study demonstrates that even if the general neuronal ac-
tivit yy of the SCN is rather weak at night, it is sufficient, and, even more, necessary, to 
stimulatee melatonin synthesis and to inhibit corticosterone at the same time. Further-
more,, the present study clearly demonstrates that glutamate release within the PVN is 
aa major component for the stimulation of melatonin synthesis at night, suggesting a 
clearr functionality for direct glutamatergic SCN inputs to the preautonomic neurons 
off  the PVN. These results consequently bring new insight on the way the biological 
clockk can control diverse physiological functions. In future experiments it wil l be in-
terestingg to investigate further the pattern of release of this SCN stimulatory signal 
andd to identify the subpopulation of SCN neurons that sustains a stimulatory output 
too the pineal gland. 
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