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CHAPTERR 1 

IntroductionIntroduction and Aims 

A.. BIOLOGICAL DAILY RHYTHMS 

Evenn though they are encoded in our genes, most of us are oblivious to natural envi-
ronmentall  rhythms. Almost every day, as the sun rises, we awaken to an internal or 
externall  alarm, dress, eat, and then head off to work. However, each morning, our se-
rumm Cortisol, blood glucose, heart rate and blood pressure already start to rise before 
wee wake up. In the artificial light of the workplace, we lose sight of the sun. We eat a 
secondd meal at midday and then work until sunset. After returning home, we eat a 
finalfinal meal. In the next hours our pineal gland starts to release melatonin, our thyroid 
glandd starts to be stimulated by the increased release of thyroid stimulating hormone 
(TSH),, and our plasma Cortisol levels reach a trough. Our internal temperature drops, 
andd we finally fall asleep, a state of unconsciousness that consumes a third of our lives. 
Inn the first hours of sleep our pituitary starts to release growth hormone and prolactin. 
Whilee we sleep, the mice, rats and hamsters in our fields, houses and animal facilities 
wakee up, become active and feed. And if you are a woman, although you must have 
noticedd the recurrent and regular expression of your reproductive functions, most 
likelyy you are unaware of its time-window specificity in the early morning. Every 
dayy the gonadotropin-releasing hormone (GnRH) containing neurons become active 
inn the early morning, and once every 28 days their activity, together with the rising 
plasmaa estrogen levels, results in the induction of a luteinizing hormone (LH) surge, 
therebyy inducing ovulation. Although rodents have a totally different reproductive 
system,, every 4 to 5 days the LH surge inducing ovulation occurs just before the be-
ginningg of their activity period. In addition, although to a lesser extent than seasonal 
rodents,, we are also sensitive to seasonal variations, without noticing it- but testoster-
onee secretion, semen quality and birth weight vary with winter or summer. 

Ass this first paragraph illustrates, almost all functions of living organisms show a 
rhythmicc expression. The rhythms of life can range from milliseconds to centuries. 
Onee of the oldest and best-known rhythms is the day-night rhythm - a clear and sta-
blee rhythm. Indeed, since, on earth, a day is almost always made up of a cycle of a light 
andd a dark period, with a constant duration of 24-h, many biological functions obey 
thee same 24-h rhythm. For a long time it was thought that the astronomic environ-
mentt induced these rhythms. The first experiments that were carried out to study this 
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phenomenonn were done by a French botanist, who showed that, although the daily 
rhythmss could be influenced by the environment, they were mainly controlled by an 
internn mechanism, suggesting the presence of an endogenous biological clock (De 
Mairan,, 1729). Later on, it was suggested that this phenomenon could also exist in 
ratss (Richter, 1922), but it took 40 more years to show the endogenous nature of daily 
rhythmss in human (Aschoff & Wever, 1962). 

Followingg these first experiments on biological clock mechanisms, successive stud-
ies,, realised in mammals, showed that many physiological and endocrine functions 
obeyy this rule of endogenous rhythms with a period close to 24-h, subsequently called 
circadiann rhythms, "circa" meaning "close to" and "dies" meaning "day" in Latin. Main 
behaviours,, such as locomotor activity, food intake, or sleep, present a daily rhythm 
thatt persists in constant conditions with a period close to 24-h. Next to the behav-
iourall  functions, several endocrine functions, such as LH, melatonin, corticosterone, 
orr leptin release, also present circadian rhythmicity (Fig. 1). 

Thee daily melatonin and corticosterone rhythms are the two most studied endo-
crinee circadian rhythms, due to their pronounced amplitude, and due to the repro-
duciblee timing of their acrophase. Melatonin synthesis has the additional advantage 
off  not being influenced by stress. Melatonin synthesis and release precisely follow the 
environmentall  photoperiod, giving a precise perception of daily and annual time to 
thee rest of the body (Reiter, 1993). Also the anticipatory rise in corticosterone release 
precedingg each activity period supports the biological clock in the distribution of its 
messagee of time. However, the distribution of this daily message by the biological 
clockk does not seem to be uniform. As you can notice in Fig.1, all endocrine rhythms 
aree clearly heterogeneous. Indeed, although hormones are released in a circadian 
manner,, the time of their peak-release varies widely throughout the light/dark cycle. 
Moreover,, some hormones, such as LH and corticosterone, always peak before the be-
ginningg of the activity period whatever the animal species, diurnal or nocturnal (i.e. 
inn the morning for diurnal animals, but in the evening for nocturnal animals). But 
otherr hormones, such as melatonin and leptin, always peak during the dark period of 
thee day, independent of the nocturnal or diurnal nature of the animal. The wide diver-
sityy in the expression of endocrine circadian rhythms suggests a complex mechanism 
behindd the distribution of time by the biological clock. 
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Figuree 1 Diurnal rhythms of release of various hormones measured in rats. However, note the 
diversityy in the release pattern along the light/dark cycle. 
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B.. BIOLOGICAL CLOCK CHARACTERISTICS 

basedbased upon 

BiologicalBiological Clock: A Bodyguard of Temporal Homeostasis 

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

ChronobiolChronobiol Int (in press) 

Endogenouslyy set 

Descartess already placed the biological clock in the brain but it is only since the early 
1970ss that the location of the master biological clock in the mammalian brain has 
beenn confirmed. The first indications for this location were provided by isolation and 
lesionn studies, indicating a small bilateral brain structure (less than 1mm3) contain-
ingg more than 10.000 neurons (16.000 in rats) and located in the anterior hypotha-
lamus,, the suprachiasmatic nucleus of the hypothalamus (SCN). Indeed, isolation or 
lesioningg of this nucleus induced a complete loss of behavioural and endocrine daily 
rhythmicityy (Moore & Eichler, 1972; Stephan & Zucker, 1972; Moore & Klein, 1974; 
Raismann & Brown-Grant, 1977; Reppert et al, 1981; Watanabe & Hiroshige, 1981; 
Stoynevv et al, 1982; van Esseveldt et al, 2000). In vivo glucose utilisation studies re-
vealedd that the SCN neurons are metabolically the most active in the middle of the 
dayy and the least active in the middle of the night (Schwartz & Gainer, 1977; Schwartz 
etet al, 1980). In addition, two early studies using multiple-unit activity recording, re-
vealedd that isolated either in vivo or in vitro, the SCN sustained its circadian rhythm 
inn neuronal activity (Inouye & Kawamura, 1979; Shibata et al, 1982), confirming the 
ideaa of the SCN being a "master clock". Indeed, although also other brain areas may 
showw daily rhythmicity, the SCN is the only structure that can sustain its rhythmic 
activityy with a period close to 24-h (Abe et al, 2002) once it is isolated. The sustained 
circadiann rhythm in neuronal activity in the SCN has even been confirmed at the level 
off  the single neuron. Isolated SCN neurons maintained in culture in vitro are, indeed, 
ableable to sustain their neuronal activity rhythmicity on a long-term (months) basis 
(Greenn & Gillette, 1982; Groos 8c Hendriks, 1982; Mirmiran et al, 1995; Watanabe et 

al,al, 1995; Welsh et al, 1995; Honma et al, 1998), i.e. each SCN neuron seems to have 
aa clock property which is set endogenously. The final proof that the SCN contains the 
"masterr clock" for the whole body was provided by transplantation studies. Trans-
plantss of intact SCN tissue from a donor restored circadian rhythms in SCN lesioned 
rats,, hamsters and mice with the rhythmicity period characteristic of the donor tissue, 
i.e.. ~20-h, ~24-h or ~28-h, depending on whether the tissue was derived from tau-
mutantt hamsters, intact animals or Clock-knock-out mice, respectively (Ralph et al, 

1990;; Ralph et al, 1993; Sujino et al, 2003). 
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Cell-autonomouss Clockwork 

Duee to the fact that a circadian rhythm of neuronal activity persists in isolated SCN 
cellss it was suggested that each SCN cell contains its own endogenous clock mecha-
nismm (Welsh et al, 1995). The synchronisation of all these SCN cells would then give 
aa unique clock output periodicity that can be transmitted to the rest of the body. How-
ever,, Welsh et al. (1995) also revealed that in in vitro conditions, despite abundant 
functionall  synapses, circadian rhythms expressed by neurons in the same culture are 
nott synchronized, suggesting the existence of yet another way of communication in 
thee clock mechanism. Nevertheless, the understanding of the molecular clock mecha-
nismss has grown extremely fast these last 20 years. Indeed, in 1984 two teams identi-
fiedfied and localised in Drosophila a gene closely involved in circadian rhythms, which 
theyy called the period gene or Per gene (Bargiello et al, 1984; Reddy et al, 1984). Ten 
yearss later, the first so called "clock gene" was identified in mammals (Vitaterna et 

al,al, 1994). And since the mid-90s, the number of (mammalian) "clock genes" has in-
creasedd rapidly. The functioning of these clock genes in building the circadian clock-
workk has been widely studied these past years and huge progress has been realised. 
Thee present concept is that the molecular clockwork contained in SCN cells involves 
interactingg positive and negative transcriptional-/translational-feedback loops built 
byy the interaction of different clock genes, (see for review, Reppert & Weaver, 2002; 
Albrechtt & Eichele, 2003). In rodents, the rhythmic expression of the clock genes 
involvess 3 Period genes (mPerl, mPer2 and mPer3), 2 Cryptochrome genes (mCryl 

andd mCry2) and one Bmal gene (mBmall). The rhythmic transcription of the Period 
geness and Cry genes involves self-sustained negative and positive feedback loops 
(Figg 2). However, further studies will be necessary to link the circadian expression 
off  these loops with the various outputs of the biological clock. Recent studies were 
conductedd in that direction by revealing a close link between the electrical activity of 
SCNN cells and internal molecular clock mechanisms (Albus et al, 2002; Kuhlman et 

al,al, 2003). 

Regionallyy Organised 

Duee to its high activity during the (subjective) light period and its low activity during 

thee dark period (Schwartz & Gainer, 1977; Inouye & Kawamura, 1979; Schwartz et al, 

1980;; Shibata et al, 1982), the SCN is described as a group of autonomous clockwork 

cellss functioning in a unimodal fashion and synchronized to give one uniform circa-

diann signal to the rest of the body. However, from the earliest immunocytochemical 

studiess it became clear that the SCN is far from being cell type homogenous (Swaab & 

Pool,, 1975; van Leeuwen et al, 1978; Sofroniew & Weindl, 1980). Indeed, in most of 

thee mammalian species studied so far, the SCN can be divided in two main regions. 
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Figuree 2 Cell autonomous clockwork model. This model consists of interacting positive and 
negativee feedback molecular loops. Bmall gene is rhythmically expressed (during the dark pe-
riod),, and BMAL1 proteins form heterodimers with CLOCK proteins (constituvely expressed 
throughoughh the day). CLOCK-BMAL1 heterodimers enter the nucleus and activate transcrip-
tionn of Per and Cry genes through E-box enhancers. This first step constitutes the positive feed-
backk loop. Once translated, PER and CRY proteins form heterodimers and are phosphorylated 
byy casein kinases (CK) (such as casein kinase Is for PER2) before entering the nucleus and 
inhibitingg their own transcription by associating with the CLOCK-BMAL1 complex, thereby 
constitutingg the inhibitive feedback loop. The daily molecular cycle is finally sustained by the 
transcriptionall  inhibition of the gene Rev-Erba, with the protein REV-ERBa repressing Bmall 
transcriptionn during the day. 

Thee dorsomedial area of the SCN specifically expresses the peptide vasopressin (VP), 

whilee the ventral area is characterized by vasoactive intestinal peptide (VIP) express-

ingg neurons (Stopa et al, 1984; Card et al., 1988; Cassone et al., 1988; Moore & Speh, 

1993;; Moore et al, 2002). Besides, a large part of the SCN is made up of neurons 

containingg the inhibitory transmitter y-aniinobutyric acid (GABA) (Okamura et al, 

1989;; Moore & Speh, 1993; Moore etal., 2002). Therefore, even when taking into con-
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siderationn only the transmitter content of SCN neurons, a clear subdivision becomes 

apparent,, with partly overlapping populations of SCN neurons. Other peptidergic 

transmitters,, such as gastrin releasing peptide (GRP) (van den Pol & Gores, 1986), 

peptidee histidine isoleucine (PHI) (Ishikawa & Frohman, 1987), angiotensin II (Kil -

coynee et al, 1980), substance P (SP) (Mai et al, 1991; Otori et al, 1993), calcitonin 

gene-relatedd peptide (CGRP) (Park et al, 1993), or somatostatin (SS) (Card et al, 

1988),, are expressed in SCN neurons only to a minor extent. But also these peptides 

presentt a location preference within the SCN. GRP-ir, PHI-ir, SP-ir and NT-ir cells 

aree located in the ventrolateral part of the SCN, while enkephalin-ir, and calretinin-ir 

cellss are located in the dorsomedial part of the SCN (Moore et al.y 2002). In addi-

tion,, while VIP and PHI co-localise with GRP (Albers et al., 1991), no co-localisation 

couldd be shown so far for VIP or VP and SS (Tanaka et al, 1996). SS-containing cells 

aree located at the interface of the dorsomedial and ventrolateral part of the rat SCN 

(Cardd et al, 1988). Such a central subdivision can also be observed in hamsters and 

micee for cells that contain a calcium binding protein, calbindin D2gK (CalB) (Silver et 

al,al, 1996b; Ikeda & Allen, 2003). 

VPP is a peptide for which a clear diurnal pattern of peptide content, intranuclear 

SCNN release and cerebrospinal fluid levels has been shown (Schwartz & Reppert, 

1985;; Reppert & Uhl, 1987; Burbach et al, 1988; Yamase et af., 1991; Tominaga et al, 

1992;; Kalsbeek et al, 1995). In addition, a clear circadian gene expression pattern of 

thiss peptide has also been revealed (Uhl & Reppert, 1986; Cagampang et al, 1994). 

Thee VP concentration in the cerebrospinal fluid peaks in the middle of the day for 

bothh nocturnal and diurnal animals, suggesting a close association with the circadian 

pacemakerr system. Furthermore, the circadian pattern of VP release can be correlated 

too the circadian pattern of neuronal activity of the SCN (Gillette & Reppert, 1987). 

Onn the other hand, the fact that VP-deficient Brattleboro rats still present intact circa-

diann rhythms is confusing regarding the involvement of VP in the generation and/or 

transmissionn of circadian rhythms. The second main SCN peptide, VIP, also shows 

aa diurnal rhythm in its gene expression (Glazer & Gozes, 1994; Ban et al, 1997), 

contentt (Isobe & Muramatsu, 1995) and in vitro release (Shinohara et al, 1994). In 

contrastt to VP, VIP mRNA expression, and content peak in the middle of the night. 

Inn addition, VIP expression is strongly influenced by environmental light conditions. 

Interestingly,, VIP- and PHI-deficient mice present disrupted circadian rhythms as 

welll  as deficits in the response to light, suggesting that VIP/PHI peptides are criti-

callyy involved in both the generation of circadian oscillations as well as in the normal 

synchronisationn of these rhythms (Colwell et al, 2003). Moreover, knock-out mice for 

thee VIP receptor VPAC(2) show even more severe circadian deficits (Harmar et al, 

2002)) reinforcing the idea of a crucial role for VIP signalling in circadian function-

ing. . 
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Althoughh the precise location of glutamate neurons within the SCN still needs to be 
demonstrated,, it was recently proven that glutamate is indeed yet another transmitter 
presentt in the SCN (Hermes et al, 1996; Sun et alt 2000; Cui et al., 2001; Sun et al, 

2001).. Until now, its presence was only demonstrated in SCN neurons projecting to 
targett areas, such as ventromedial preoptic area (VMPO), ventrolateral preoptic area 
(VLPO),, or paraventricular nucleus of the hypothalamus (PVN). Although glutamate 
mightt not be necessary in the building or in the maintenance of the internal clock-
workk mechanism, it could play, as VP, an essential role as an output transmitter of the 
biologicall  clock. This idea was recently strengthened by the demonstration of dis-
ruptedd Orcadian output rhythms (locomotor and firing rate neuronal activities) but 
intactt molecular Orcadian clockwork in mice lacking the enzyme phospholipase C (34, 
coupledd to the metabotropic glutamate receptors in the SCN (Park et al, 2003). 

However,, although these different transmitters have all been revealed in the SCN, 
theirr respective implication in the generation of circadian rhythms varies and still 
needss further investigation. Assuming that the rhythm of VP measured in the cer-
ebrospinall  fluid is reflecting the actual release of VP by the SCN in each of its targets, 
VPP has, until now, been the only SCN transmitter for which the circadian release 
patternn has been determined in vivo. But so far, for none of the other cited neuro-
transmitterss has the actual in vivo release pattern been demonstrated in their specific 
targets,, and it cannot be deduced from the knowledge on rhythms in mRNA or pep-
tidee content. This lack of knowledge very much complicates the prediction about the 
rolee of specific SCN transmitters in the control of, for instance, endocrine rhythms. 
Ass long as we cannot measure the actual release of a certain transmitter, the only rel-
evantt technical approach is to apply antagonists in the SCN target areas at different 
timess of the L/D-cycle and to measure whether a specific rhythm is affected by this 
procedure. . 

Integrationn Centre 

Thee biological clock is set endogenously to generate a rhythm of approximately 24-h 

butt can be set exactly to 24-h by its synchronization to the environment. In order to 

bee synchronised to the environment the biological clock has to sense the environ-

ment.. In chronobiology, the entraining or synchronising factors of the clock are 

namedd Zeitgebers. In most species the main Zeitgeber is the light/dark cycle. The 

time-scalee used is expressed as Zeitgeber Time and ZT0 corresponds to the beginning 

off  the light period when animals are maintained in light/dark conditions (LD). When 

animalss are maintained in constant darkness (DD), the time scale is expressed as Cir-

cadiann Time and CT0 corresponds to the onset of the subjective daytime period. 

Differentt Zeitgebers are divided into two major groups, i.e. photic and non-photic. 
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Photicc inputs 

Lightt information, sensed at the level of the retina, is transmitted to the SCN, where it 

inducess an immediate increase of the activity of most SCN neurons (Groos & Meijer, 

1985;; Meijer et al, 1998). In addition to this immediate effect, light also has a long-

termm effect on the biological clock. It can, indeed, phase-shift the internal clockwork 

mechanismss in order to synchronise the period of biological rhythms with the envi-

ronment.. This effect of light on the circadian clock differs along the L/D cycle. Indeed, 

aa similar light pulse applied at the beginning or at the end of the activity period of 

ann animal induces either a delaying phase shift or an advancing phase shift, respec-

tively. . 

Itt has been shown, both in rodents and in humans, that the classical visual photore-

ceptorss (rods and cones) are not required for the transmission of light to the circadian 

systemm (Lucas et al, 1999; Brainard et al, 2001; Thapan et al, 2001). Recently, Berson 

etet ah (2002) demonstrated that a small subset of retinal ganglion cells (RGCs) pro-

jectingg to the SCN is specifically photosensitive. In parallel, Provencio et al. (1998) 

uncoveredd the existence of a new putative photopigment, a vitamin-A based molecule 

namedd melanopsin, in RGCs. Melanopsin was first discovered in the intrinsically 

photosensitivee melanocyte pigment cells of the frog skin. Melanosomes, the melanin-

containingg organelles of amphibian melanophores, are dispersed throughout the cy-

toplasmm when the skin is exposed to light, but in darkness the melanosomes aggregate 

aroundd the nucleus (Rollag et al, 2003). Soon after this discovery it was demonstrated 

that,, in mammals, melanopsin was only present in the specific RGCs projecting to the 

SCNN (Provencio et al, 2000; Gooley et al, 2001; Hannibal et al, 2002; Hattar et al, 

2002;; Provencio et al, 2002). In addition, the melanopsin sensitivity peak precisely 

matchess the action spectrum of the most potent wavelength for shifting the circadian 

system,, i.e. 450-500 nm (blue-green light) (Takahashi et al, 1984; Miyamoto & San-

car,, 1998; Thapan et al, 2001). However, the idea that the melanopsin system was the 

onlyy means for light transmission to the circadian system had to be revisited when 

lightt responses were measured in melanopsin-photopigment deficient mice (Panda 

etet al, 2002; Ruby et al, 2002; Lucas et al, 2003). Indeed, although responses to light 

weree attenuated by 40-45%, these different studies showed that melanopsin is not 

thee "one and only" system of photosensing regarding the circadian system. Recently, 

Pandaa et al. (2003) have elegantly shown that, although mice lacking melanopsin still 

retainn nonvisual photoreception, mice lacking both the outer-retinal rod and cone 

systemm as well as melanopsin, exhibited a complete loss of photosensitivity as well as 

theirr photo-entrainment capacity. These recent results clearly revealed the concomi-

tantt implication of both visual and nonvisual photoreceptor systems in the nonvisual 

photicc responses in mammals. Consequently, many questions remain to be solved in 

orderr to understand fully the photosensitive system related to circadian rhythms. 
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However,, once the light is sensed in the retina, the light information is transmitted 
too the SCN via both direct and indirect neuronal pathways. 

RGCss project down the retino-hypothalamic tract (RHT) (Hattar et al, 2002) 
andd reach directly the ventrolateral part of the SCN. Light stimulation of the retina 
inducess a direct secretion of the excitatory aminoacid neurotransmitter glutamate 
withinn the VIP-containing cell part of the SCN (de Vries et al, 1994; Ding et al, 1994; 
Mikkelsenn et al, 1995; Pennartz et al, 2001). Although different glutamate receptors 
mayy be involved (Paul et al, 2003), glutamate has been shown to be crucial in the 
directt effect of light (Vindlacheruvu et al, 1992) as well as in the synchronizing effect 
off  light on the circadian clock, (see for review, Ebling, 1996; Hannibal, 2002). Apart 
fromm glutamate, pituitary adenylate cyclase-activating polypeptide (PACAP) is also 
ann important transmitter used to transmit light information. PACAP is co- expressed 
withh glutamate (and melanopsin) in the RHT (Hannibal et al, 2000) and it may po-
tentiatee the effect of glutamate in the SCN (Harrington et al, 1999; Kopp et al, 2001). 
However,, recent studies revealed that PACAP is efficient in shifting the clock only 
duringg daytime, while glutamate shifts the clock when applied during the night (Gil-
lettee & Mitchell, 2002). 

Inn addition to this direct RHT projection, light information is transmitted to the 
SCNN by an indirect neuronal pathway. RGCs also project to neuropeptide Y (NPY) 
containingg cells in the intergeniculate leaflet (IGL) which subsequently project to the 
ventrall  part of the SCN via the geniculo-hypothalamic tract (GHT) (Pickard et al, 

1987).. The rhythm of NPY measured within the SCN during L/D-conditions, with 
twoo peaks corresponding respectively to the light/dark and dark/light transition, 
disappearss totally in DD (Calza et al, 1990; Shinohara et al, 1993a; Shinohara et al, 

1993b).. Since RHT and GHT projection areas seem to overlap within the SCN (Stopa 
etet al, 1995), and since the same set of RGCs innervates the SCN and the IGL (Pickard, 
1985;1985; Treep et al, 1995), it seems that the indirect pathway plays a role as a modula-
torr of the light information. On the other hand, ablation of the IGL does not prevent 
phasee shifting to light, but it does prevent arousal-induced phase-shifts. It therefore 
seemss that the IGL and GHT have a predominantly non-photic role (Hastings et al, 

1997). . 

Non-photicc inputs 

Althoughh light is the main Zeitgeber in most species, including mammals, other cues, 

too,, can have an important function as a Zeitgeber and can synchronise the biologi-

call  clock. This property for non-photic synchronisation might find its relevance in 

earlyy life (Reppert & Weaver, 1993; Challet 8c Pévet, 2003). At a time when the RHT 

iss not mature yet, it may be necessary that the circadian clock of foetus or neonates 
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sensess other cues in order to be in phase with the mother. Indeed, administration of 
drugss such as benzodiazepines (Turek & Van Reeth, 1989; Cutrera et al, 1994b) or 
exogenouss hormones such as melatonin (Armstrong & Redman, 1985; Pitrosky et 

al,al, 1999), or corticosteroids (Pinto & Golombek, 1999) can synchronize the biologi-
call  clock in the long term and can induce phase-shifting of the biological rhythms. 
Althoughh (maternal) hormones might be the most important non-photic Zeitgebers, 
especiallyy during foetal development, arousal and food-availability also have strong 
Zeitgeberr properties in adult life. Indeed, if the light transmission system is disrupted, 
otherr cues like arousal (the use of an alarm clock), feeding schedule, forced locomo-
torr activity, or certain drugs taken at a fixed time can then be useful to remain in 
phasee with the environment, (see for review, Mrosovsky, 1996; Challet et al, 2003). 
Evenn though non-photic inputs have not been studied as extensively as photic inputs, 
neuronall  inputs seem to be clearly involved. Since lesioning of the IGL induces total 
disappearancee of NPY and enkephalin (two main transmitters expressed in the IGL) 
withinn the SCN (Harrington 8c Rusak, 1986), and since it prevents phase shifting 
inducedd by arousal (Hastings et al, 1997), drug injections (i.e. triazolam or chlo-
rdiazepoxide)) (Biello et al, 1991; Meyer et al, 1993), or temporal and caloric feeding 
restrictionn (Challet et al, 1996), the GHT pathway seems to play an important role in 
thee synchronization by non-photic stimuli (i.e. arousal) of the biological clock. An-
otherr pathway that might play an important role is the 5-HT-ergic system, originating 
inn the median raphe nucleus, located in the rostral brainstem (Meyer-Bernstein & 
Morin,, 1996; Leander et al, 1998; Morin & Meyer-Bernstein, 1999) in most rodents, 
andd also from the dorsal raphe nucleus in rat (Moga & Moore, 1997). Indeed, lesions 
off  the serotoninergic fibers of the raphe nucleus also prevent phase-shifting induced 
byy triazolam (Cutrera et al, 1994a), 8-OH-DPAT (Schuhler et al, 1998) or temporal 
andd caloric restriction feeding (Challet et al, 1997). However, the precise mecha-
nismm involved in the transmission of non-photic inputs to the SCN still needs to be 
clarified.. Certain drugs might act by inducing arousal/activity (Van Reeth et al, 1991; 
Antlee & Mistlberger, 2000) or by activating afferent projections to the SCN, whereas 
hormoness like melatonin might act directly on the SCN (van den Top et al, 2001). 

Timee dealer 

Ass presented in the previous paragraph, major progress has been made in the past 

100 years in the understanding of the molecular clockwork of the biological clock. In-

deed,, it has been recently shown that SCN cells contain several so-called clock genes, 

interactingg with each other in self-sustained gene-protein-gene feed-back loops (see 

forr review, Reppert & Weaver, 2001; Albrecht & Eichele, 2003). Subsequently, the 

samee clock genes were also found to be expressed rhythmically in other structures, 
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bothh in the central nervous system (Yamazaki et al, 2000; Abe et al, 2002) and in 
thee periphery (Damiola et al, 2000; Yamazaki et al, 2000; Hara et al, 2001). But 
oncee these structures are isolated, the oscillation of their clock genes is not sustained, 
suggestingg a necessary entrainment or synchronization of "peripheral oscillators" by 
thee master clock (Yamazaki et al, 2000; Balsalobre, 2002). Despite the discovery of 
thee clock genes, however, some important questions still remain. For example, how 
doo we explain the large diversity in the peak activity of different behaviors and en-
docrinee functions with the unimodal activity pattern of the SCN described so far 
withh multi-unit recordings (Inouye & Kawamura, 1979; Shibata et al, 1982), and the 
2-deoxy-glucosee technique (Schwartz & Gainer, 1977; Schwartz et al, 1980)? Until 
recentlyy the SCN was considered a "homogenous" structure, giving one global tim-
ingg signal. However, it is becoming more and more difficult to explain how the SCN 
iss able to control different functions with separately timed 24-h rhythms as diverse 
ass shown in Fig.1, when distributing only one uniform message. Although several 
hormoness are released in a circadian manner, the time of their peak-release varies 
greatlyy throughout the light/dark cycle. The picture becomes even more complicated 
whenn one realizes that in diurnal and nocturnal species the SCN activity functions 
inn an identical way, i.e. despite the anti-phase of the sleep/wake patterns, the main 
activityy period of the SCN is found during the light period in either type of species 
(Schwartzz et al, 1983; Shibata & Moore, 1988; Hofman & Swaab, 1993). Moreover, 
onlyy some endocrine rhythms are associated with the timing of behavioural activity, 
whereass others remain phase-locked to their position within the light/dark-cycle. For 
example,, LH and corticosterone plasma concentrations have their acrophase before 
thee beginning of the activity period (i.e. in the morning for diurnal animals, but in the 
eveningg for nocturnal animals), but the acrophase of melatonin and leptin release is 
alwayss found during the dark period, independent of the nocturnal or diurnal nature 
off  an animal. Yet, the question that arises is how the SCN distributes its message of 
time,, which is built within each of its cells, to the rest of the body? Is a specific popu-
lationn of SCN cells responsible for each specific output? Or, alternatively, are all SCN 
neuronss involved in the creation of one uniform output signal of the biological clock 
thatt is differently interpreted by the various clock targets? 

Thee question of how the message of time is distributed by the SCN was first ad-
dressedd in transplantation studies. The restoration of the circadian rhythms of loco-
motorr activity and drinking behaviour in SCN-lesioned animals, within a week after 
havingg received SCN grafts (Ralph et al, 1990), even if encapsulated (Silver et al, 

1996a),, proved that the SCN has the potential to distribute at least part of its message 
byy simple diffusion of substances in the control of behavioural functions. Indeed, 
SCN-secretedd molecules such as TGF-alpha or prokineticin 2 have recently been 
suggestedd to play a role in the control of the circadian rhythm of locomotor activity 
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(Kramerr et al, 2001; Cheng et al, 2002). However, the above-mentioned transplanta-
tionn studies also indicated that this simple way of distribution could not be exclusive. 
Inn contrast with behavioral functions, the rhythmicity of endocrine functions, such as 
gonadall  function or daily Cortisol secretion, was not restored in SCN-grafted animals 
(Lehmann et al, 1987; Meyer-Bernstein etal, 1999). Therefore, SCN neuronal connec-
tionss onto other brain targets seem to be essential to transmit the full circadian infor-
mationn throughout the entire body. Indeed, recently De La Iglesia et al (2003) very el-
egantlyy demonstrated the necessity for a neural rather than a humoral SCN output for 
thee daily control of neuroendocrine rhythms. Nevertheless, these first observations 
supportedd the idea that the SCN may guard time-homeostasis within the body, using 
differentt tools of distribution. As opposed to behavioural rhythms, endocrine daily 
rhythmss require direct and precise regulation, which could be provided by neuronal 
projectionss to diverse target areas. SCN projections were extensively studied in the 
pastt by tracingg and electrophysiological studies (Watts & Swanson, 1987; Watts et al.y 

1987).. Restricted to only a small part of the central nervous system, SCN projections 
aree concentrated within the medial hypothalamus: medial preoptic area (MPOA), 
paraventricularr nucleus (PVN), subparaventricular nucleus (sPVN), and dorsome-
diall  nucleus of the hypothalamus (DMH). In addition, outside the hypothalamus, the 
SCNN only projects onto the paraventricular nucleus of the thalamus and the lateral 
geniculatee nucleus. 

Inn the following paragraphs I wil l summarise physiological and anatomical evidence 
previouslyy obtained by our group and others, showing that the SCN uses variable 
meanss of signal distribution for each specific endocrine function. In the distribution 
off  its temporal message to the endocrine system the SCN employs a highly specialized 
sett of projections to 3 different types of neurons within the medial hypothalamus. 
SCNN fibers directly contact both endocrine and autonomic neurons. In addition, 
thee SCN can influence endocrine rhythms via its connection to intermediate neu-
ronss projecting to endocrine neurons. Moreover, the diversity of neurotransmitters 
presentt in the projecting SCN fibers indicates the possibility of a further differential 
regulation. . 

SCNN output to endocrine neurons 

Onee of the means the SCN uses to control endocrine rhythms involves direct and in-

directt control of endocrine neurons. The SCN was shown to be able to affect, directly 

orr indirectly, the activity of both magnocellular neurons, liberating VP or oxytocin 

directlyy within the blood stream, and of parvocellular hypophysiotropic neurons, 

containingg releasing hormones such as corticotropin-releasing hormone (CRH), 

thyrotropin-releasingg hormone (TRH) or gonadotropin-releasing hormone (GnRH). 
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Directt functional connections between SCN and magnocellular neurons have been 
demonstratedd in the supraoptic nucleus of the hypothalamus (SON) (Cui et al, 1997), 
ass well as in the PVN (Hermes et al, 1996). In addition, also the daily rhythm of 
plasmaa vasopressin (VP), as measured with a concentration peak during midday, sug-
gestss that magnocellular neurons have a diurnal activity (Terwel et al, 1992; Windle 
etet al, 1992). Evidence for direct, but limited, connections between SCN and hypo-
physiotropicc neurons containing releasing hormones has also been presented (Buijs et 

al,al, 1993b; Vrang et al, 1995; Van der Beek et al, 1997; Kalsbeek et al, 2000b). Al-
thoughh both magnocellular and hypophysiotropic neurons are connected to the 
clock,, the influence (direct or indirect) of the SCN differs depending on the endo-
crinee function. 

Inn an initial study on clock control of the hypothalamo-pituitary-adrenal (HPA) 
axis,, we showed a strong inhibitory effect of SCN-derived VP on corticosterone 
releasee in the PVN/DMH area (Kalsbeek & Buijs, 1992). Both the sPVN and DMH 
containn y-amino-butyric acid (GABA) neurons projecting to the medial parvocel-
lularr part of the PVN (Roland & Sawchenko, 1993), and are prominent target areas 
off  SCN projections. Since VP is, as reported so far, a stimulatory neurotransmitter, 
andd since direct contacts between SCN and hypophysiotropic neurons in the PVN 
aree limited, we proposed that the SCN inhibits the HPA axis mainly by using indirect 
VPergicc inputs on inhibitory intermediate neurons in the sPVN and DMH. This idea 
wass confirmed later on by two successive studies. In the first of these two studies, we 
showedd that local infusions of VP within the DMH immediately decreased plasma 
corticosterone,, as well as the adrenocorticotropin hormone (ACTH) levels, in both 
SCN-intactt and SCN-lesioned animals (Kalsbeek et al, 1992). In addition, application 
off  a VP-antagonist in the same structure caused a strong increase of plasma corticos-
teronee levels, but only in intact animals, confirming that the VP signalling involved 
inn the inhibition of the HPA axis derives directly from the SCN. In the second study 
(Kalsbeekk et al, 1996c), VP-antagonist application at different times of the light/dark 
cyclee revealed the existence of an additional stimulatory input from the SCN to the 
HPAA axis. Moreover, using electrophysiological techniques we were able to show, in 

vitro,vitro, that VP increases the GABA-ergic inhibition of PVN neurons (Hermes et al, 

2000).. These results led to a hypothesis, where the corticosterone circadian rhythm 
resultss from combined inhibitory (via VPergic release onto GABA-ergic interneu-
rons)) and stimulatory SCN outputs of unknown nature (Kalsbeek & Buijs, 1996). In 
contrastt to the indirect connections to the hypophysiotropic neurons, the SCN seems 
too have a direct influence on magnocellular neurons of the PVN. Indeed, specific VP 
depletionn in the SCN affects the VP content of magnocellular versus parvocellular (i.e. 
hypophysiotropicc neurons) PVN neurons in opposite directions (Gomez et al, 1997). 
VPP content increases in magnocellular PVN neurons, whereas it decreases in parvo-
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cellularr neurons, suggesting decreased release of VP in the general circulation, and 

ann increased release of VP (and CRH) into the portal circulation. Regarding the fact 

thatt elevated plasma ACTH levels were measured after such SCN-VP depletion, these 

resultss suggest a major inhibitory action of the SCN on the HPA axis. Plasma VP (and 

oxytocin)) levels, however, were not measured, and a physiological confirmation of 

thee stimulatory effect of SCN-VP on the magnocellular system is thus lacking. In the 

meantimee the inhibitory effect of VP on corticosterone release as just described has 

beenn reported by a number of other laboratories as well (Wotjak et al, 1996; Gomez 

etet al, 1997), but still the effect is very surprising to many (endocrinologists), since 

thee inhibitory action of VP is completely opposite to the previously described and 

betterr known stimulatory role of VP in the HPA stress response. The stimulatory ac-

tionn of VP on ACTH and corticosterone release was definitely established in the early 

eightiess (Gillies et al, 1982; Rivierr & Vale, 1983; Rivier et al, 1984). It turned out that 

VPP strongly potentiated the stimulatory action of the then recently discovered true 

corticotrophinn releasing factor, i.e. CRH (Vale et al, 1981). Indeed, shortly afterwards 

itit  was shown that CRH and VP are co-localized in the parvocellular neurons of the 

PVNN (Tramu et al, 1983; Kiss et al, 1984; Sawchenko et al, 1984) and that many 

stimulii  that cause an activation of the HPA-axis, such as immobilization, novelty, 

andd hypoglycemia, go along with a depletion of the CRH as well as the VP content 

inn the external zone of the median eminence (Berkenbosch et al, 1989; De Goeij et 

al,al, 1992; Bartanusz et al, 1993; Romero et al, 1993). The emerging view is that VP is 

thee principal, regulated, variable that puts a situation-specific drive on the HPA-axis, 

whereass CRH serves mainly to impose a stimulatory tone (Kovacs et al, 2000); i.e. 

underr resting conditions the parvocellular VP neurons of the PVN do not contain 

detectablee amounts of VP immunoreactivity or mRNA. The logical explanation for 

thee apparently opposite actions of VP, of course, is that the different effects are caused 

byy two completely different and separated VP systems. The inhibitory effect concerns 

VP-containingg neurons located in the SCN projecting to the PVN and DMH, whereas 

thee stimulatory effect of VP is derived from the parvocellular VP neurons located in 

thee PVN that project to the median eminence. In addition, comparing the responses 

off  ACTH and corticosterone in more detail also reveals that the two systems employ 

differentt mechanisms to affect the HPA-axis. The circadian variation in HPA-axis ac-

tivit yy is mainly controlled by changing the sensitivity of the adrenal cortex to ACTH, 

whereass the stress response of the HPA-axis relies heavily on the release of ACTH. A 

furtherr discussion of the different VP systems and the close relation between VPergic 

systems,, glucocorticoids and stress can be found in Kalsbeek et al (2002,2003). 

Thee VP-mediated SCN control of the HPA axis is not exclusive; in addition, the SCN 

iss thought to use its main peptidergic output, i.e. VP, to control the hypothalamo-pi-

tuitary-gonadall  (HPG) axis as well, in a direct and indirect manner. The two essential 
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brainn areas for maintaining the LH surge are the MPOA and the SCN (Gray et al, 

1978).. The MPOA contains a dense concentration of estrogen receptors and GnRH 
neurons,, as well as a dense VP innervation originating from the SCN (Hoorneman 
&&  Buijs, 1982; de Vries et al, 1984). Once every 4-5 days, an interaction between the 
peripherall  endocrine estrogen signal and the circadian output leads to a strong GnRH 
releasee in the portal circulation, and consequently to a pro-oestrus surge of LH. Di-
rectt connections between the SCN and neurons in the MPOA have been shown (de 
laa Iglesia et al, 1995; Watsonn et al, 1995; Van der Beek et al, 1997); 11-13% of GnRH 
neuronss and up to 30% of the neurons containing estrogen-receptors receive direct 
efferentt projections from the SCN. Since VP infusions within the MPOA are able to 
restoree the LH surge in SCN-lesioned animals, irrespective of the time-of-day (Palm 
etet al, 1999; Palm et al, 2001b), and since, in vitro, GnRH release exhibits a significant 
circadiann rhythm in phase with the circadian release of VP from the SCN (Funabashi 
etet al, 2000), we concluded that the SCN uses its VP-ergic output as a stimulatory 
signall  for the control of the HPG axis. We proposed that the SCN would stimulate the 
releasee of GnRH indirectly via oestrogen-receptor containing neurons of the MPOA. 
Interestingly,, VP administration within the MPOA could stimulate the LH surge in 
intactt animals only during a restricted time window, whereas in SCN-lesioned rats 
thee LH surge could be induced at any time. These results also suggest that apart from 
thee main stimulatory input, the SCN also sends an inhibitory input of unknown na-
turee during the first part of the day to restrain the GnRH system. Since neurons in 
thee MPOA are also contacted by the SCN in an indirect way via the subparaventricu-
larr zone of the PVN or the retrochiasmatic area, and since direct projections from 
SCNN neurons containing vasoactive intestinal polypeptide (VIP) onto the endocrine 
GnRH-containingg neurons have also been demonstrated (van der Beek et al, 1993; 
Vann der Beek et al, 1997), further investigations will be necessary to understand fully 
thee SCN control of the GnRH system. Also for a further discussion of the multiple 
interactionss of central VP systems and reproductive hormones see Kalsbeek et al 

(2002). . 

Otherr examples of the differential SCN regulation of endocrine neurons can be 
foundd in the clock control of prolactin release and the hypothalamo-pituitary-thy-
roidd (HPT) axis. In order to control the pro-oestrus daily surge of prolactin (PRL) 
thee SCN also uses multiple outputs. Like the LH surge, the PRL surge is induced by 
aa concomitant positive estrogen feedback and SCN signalling. We propose that the 
SCNN uses several ways to impose its main inhibitory input. During the first part of the 
lightt period, PRL release is mainly inhibited by VP release from SCN terminals in the 
MPOAA (Palm et al, 2001a), probably by stimulating MPOA projections to dopamin-
ergicc neurons in the tuberoinfundibular area (Mai et al, 1994). Moreover, two succes-
sivee studies have revealed direct SCN connections, especially VIP-containing fibers, 
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ontoo hypothalamic dopaminergic neuroendocrine neurons that may also have an 
importantt role in the inhibitory control of the PRL surge (Horvath, 1997; Gerhold et 

al,al, 2001). A number of hypothalamic transmitters have been proposed to function 
ass prolactin-releasing factors, such as VIP, serotonin or oxytocin (Johnston & Negro-
Vilar,, 1988; Arey & Freeman, 1989; Murai et al, 1989; Mai & Pan, 1990). However, it 
iss not yet known which one is "used" by the SCN to stimulate the pro-oestrous PRL 
surge. . 

Inn addition, hypothalamic TRH neurons also show a daily rhythmicity in TRH 
mRNAA (Covarrubias et al, 1988) and in peptide content (Collu et al, 1977; Martino 
etet al.y 1985). Moreover, in vitro TRH release has also shown diurnal variations (Co-
varrubiass et al, 1994). Recently, we showed the existence of direct contacts between 
SCNN fibers and TRH neurons in the parvocellular part of the PVN as well as their 
functionalityy in the control of thyroid hormone rhythmicity (Kalsbeek et al, 2000b). 
Thee results of this study indicate that the SCN has a stimulatory action on thyroid-
stimulatingg hormone (TSH) and the secretion of thyroid hormones during the day-
time.. The daytime increase of plasma TSH levels corresponds with the time period 
off  maximum VP release from the SCN, but so far we have been unable to find effects 
off  VP administration or withdrawal on plasma TSH concentrations (Kalsbeek et al., 
unpublishedd observations). Next to the direct and indirect connections to endocrine 
neurons,, the SCN also seems to use another signalling pathway to guard the temporal 
homeostasiss of endocrine functions. Connections between the SCN and pre-auto-
nomicc neurons in the PVN that are involved in the autonomic innervation of the 
thyroidd gland and ovary indicate that the SCN might also use the autonomic nervous 
systemm to control the Orcadian activity of the HPT (Kalsbeek et al, 2000b) and HPG 
axiss (Gerendai et al, 1998; 2000), respectively. 

SCNN output to pre-autonomic neurons 

Nextt to its output towards endocrine neurons, the SCN utilizes a second pathway 

too control the endocrine temporal homeostasis throughout the body, the autonomic 

nervouss system. Recent evidence shows the importance of the autonomic nervous 

systemm in mediating the SCN control of endocrine rhythms. For example, in the HPA 

axis,, the initial indications for a circadian neuronal control of ACTH sensitivity of the 

adrenall  gland through the autonomic nervous system (Kaneko et al, 1980; Kalsbeek et 

al,al, 1996c; Buijs et al, 1997) have been confirmed more recently by further physiolog-

icall  and transneuronal tracing studies. Specific lesions of adrenal gland sympathetic 

innervationn eliminate the diurnal corticosterone rhythm and suggest that the diurnal 

rhythmm in corticosterone secretion results in part from neuronal inhibitory control 

(Jasperr & Engeland, 1994). Later on, thanks to transneuronal tracing, we established 
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thee neuronal pathway connecting the SCN and the adrenal cortex, which successively 
relayss to the PVN and the spinal cord (Buijs et al., 1999). Moreover, we showed that 
activationn of the SCN by light immediately inhibits corticosterone, but not ACTH, 
secretion.. Thus, in addition to the endocrine control of the circadian rhythm of cor-
ticosteronee via an inhibitory action onto endocrine neurons, the SCN also controls 
thee daily corticosterone rhythm by setting adrenal gland ACTH sensitivity via its 
autonomicc innervation. Besides the combined endocrine and neuronal regulation 
off  the HPA axis, also other endocrine systems, such as the HPT- and HPG-axis, may 
bee controlled by the SCN in such a "dual" fashion. However, in these systems a clear 
examplee of the "sensitivity-setting" influence of the SCN is still lacking. 

Ass illustrasted in Figure 3, next to the combined control by endocrine and neuronal 
inputs,, there are also examples of endocrine systems in which SCN control seems 
too occur mainly via its autonomic connections. The circadian control of metabolic 
hormoness such as insulin, glucagon and leptin provide a good example of the con-
troll  of endocrine rhythms via the autonomic nervous system. In the past 5 years we 
havee provided a large amount of evidence for such an SCN control. Using the regular 

Figuree 3 Review scheme of the various SCN projections controlling the rhythmicity of en-
docrinee functions. Three main types of SCN connections can be discerned: connections with 
endocrine,, pre-autonomic and intermediate neurons. In addition to this diversity of connec-
tionss the SCN uses different neurotransmitters in order to fine-tune its control of each specific 
endocrinee function. 
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schedulee feeding method we were able to prove that insulin responses, plasma glu-

cose,, plasma glucagon, and plasma leptin levels follow daily rhythms, independent 

off  acute effects of feeding activity (Kalsbeek & Strubbe, 1998; La Fleur et al, 1999; 

Kalsbeekk et al, 2001, 2003; Ruiter et al, 2003). Using the retrograde tracing tech-

niquee we were able to demonstrate neuronal connections relaying information from 

thee SCN to the peripheral organs secreting these hormones, i.e. the pancreas, the 

liverr and the adipose tissue (Kalsbeek et al, 2000b; la Fleur et al, 2000). Moreover, 

additionall  tracing studies realized after trans-section of either the sympathetic or 

parasympatheticc autonomic innervation of these different organs revealed that both 

divisionss of the autonomic nervous system could be involved in the circadian control 

off  metabolic hormones (Buijs et al, 2001; Kreier et al, 2002). Very recently we were 

ablee to demonstrate that, even within the SCN, different neurons are dedicated to the 

controll  of the sympathetic and parasympathetic branches of the autonomic nervous 

systemm (Buijs et al, 2003a). 

Butt the best-known example for a total control of the rhythmicity solely via auto-

nomicc connections can be found in the daily release of melatonin by the pineal gland. 

Manyy studies revealed the close relation between this endocrine function and the bio-

logicall  clock. As early as the beginning of the nineteenforties, Bargman (1943) sug-

gestedd that the endocrine function of the pineal gland was regulated by light, via the 

centrall  nervous system. In I960, Kappers revealed a clear sympathetic innervation of 

thee pineal gland in the rat. Soon the endocrine function of this gland was linked to the 

externall  light/dark cycle and its influence on reproductive functions (Kappers, 1971). 

Inn the late 1950s, the hormone synthesized and released by the pineal was identified as 

N-acetyl-5-metoxytryptamine,, and named melatonin by Lerner et al (1958). Guided 

byy the pathways of light into the brain 15 years later, the endogenous biological clock 

wass located in the SCN (Hendrickson et al, 1972; Moore & Eichler, 1972; Moore & 

Lenn,, 1972; Stephan & Zucker, 1972). Meanwhile, pineal melatonin content, with 

loww levels during the day and high levels during the night, was among the first bio-

logicall  rhythms described and characterized as a true circadian rhythm (Lynch, 1971; 

Ralphh et al, 1971). In the meantime, the functional importance of the sympathetic 

innervationn of the pineal gland in melatonin synthesis had been demonstrated in rat 

(Wurtmann et al, 1967; Klein et al, 1971). Later on, the crucial role of the sympathetic 

innervationn on melatonin synthesis has been further confirmed in many species 

(Wurtmann et al, 1967; Axelrod, 1974; Kneisley et al, 1978; Moore, 1978; Reiter et al, 

1982;; Bowers et al, 1984; Li et al, 1989; Drijfhout et al, 1996b). Besides the discov-

eryy of the sympathetic control of melatonin synthesis, numerous findings helped us 

too understand the noradrenalin (NA)-induced neurochemical synthesis pathway of 

melatoninn itself (see for review, Simonneaux & Ribelayga, 2003). Really early, Klein & 

Wellerr (1970) have revealed that one of the enzymes responsible for melatonin syn-
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thesis,, the arylalkylamine N-acetyltransferase (AA-NAT) , also showed a clear day-
nightt rhythm. Later on, further studies have confirmed that the activity of AA-NA T 
wass also dependent on noradrenergic stimulation, mainly through (5,-adrenergic 
receptorss associated with a potentiative action of a^adrenergic receptors (Klein et al, 

1971;; Yuwiler et al, 1977; Klein 8c Moore, 1979; Klein et al, 1983b). Further studies 
havee shown additionally that once the NA-induced melatonin synthesis pathway was 
activated,, it caused a 150-fold increase of the expression of the Aa-nat gene as well as 
aa 50 to 70-fold increase of AA-NAT enzyme activity, inducing an immediate 10-fold 
risee in the synthesis and secretion of melatonin (Reiter, 1991b; Borjigin et al, 1995; 
Roseboomm et al, 1996). Melatonin is then immediately released into the extracellular 
fluidandd diffuses into the circulation (Fig. 4). Although the role of the sympathetic 
pineall  innervation in the synthesis of melatonin was clearly demonstrated, it was only 
recentlyy that the total pathway could be mapped, using the retrograde trans-synaptic 
viruss in vivo tracing technique (Larsen et al, 1998; Teclemariam-Mesbah et al, 1999). 
Thee SCN is connected to the pineal gland via neurons of the PVN projecting to pre-
ganglionicc neurons in the intermediolateral nucleus of the thoracic spinal cord, which 
subsequentlyy project to the noradrenergic neurons of the superior cervical ganglion 
(SCG).. Although the total neuronal pathway was clearly denned by virtue of the viral 
tracingg studies, the respective roles of each of the relay stations in the control of the 
melatoninn synthesis rhythm still remain to be determined. Besides, the different neu-
rotransmitterss used in each step of the pathway, as well as their specific daily pattern 
off  release, remain to be brought to light. 

Thee necessity of the SCN for the daily rhythmicity of melatonin synthesis was rap-
idlyy shown in the first SCN lesions studies (Moore & Klein, 1974; Bittman et al, 1989; 
Tessonneaudd et al, 1995). VP being released by the SCN with a phase which is the 
reversee of that of melatonin release from the pineal gland, i.e. with a peak release dur-
ingg the light period, became the first neurotransmitter proposed to have an inhibitory 
rolee in the control of melatonin rhythm. Nevertheless, the first studies using VP-defi-
cientt Brattleboro rats did not reveal any difference in the pineal melatonin synthesis 
exceptt for the phase of the rhythm (Schroder et al, 1988; Reuss et al, 1990). In addi-
tion,, local VP application within the PVN did not decrease nocturnal melatonin re-
leasee (Kalsbeek et al, 1993), suggesting the involvement of another neurotransmitter. 
Subsequently,, due to the light sensitivity of the VIP neurons in the SCN as described 
inn the foregoing, and the well-known inhibitory effects of light on melatonin release, 
thee possible involvement of the VIP neurons was investigated. But again no clear 
functionall  role for this peptide could be found (Schroder et al, 1989; Simonneaux et 

al,al, 1990; Kalsbeek et al, 1993). In the meantime, more and more evidence pointed 
att the potential importance of GABA in SCN functioning. GABA was shown to be 
abundantlyy present in the SCN, even in projecting cells (van den Pol & Gores, 1986; 
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PINEALOCYTE E 

Figuree 4 Neurochemical pathway of melatonin synthesis. The enzyme tryptophan hydroxylase 
(TPOH)) transforms tryptophan in serotonin (5-HT), which in turn is transformed by the AA-
NATT in N-acetyl-serotonin. In a last step, the enzyme hydroxyindole-O-methyltransferase (HI-
OMT)) O-methylates the N-acetyl-serotonin to form the N-acetyl-5-methoxytryptamine or me-
latonin,, immediately secreted. The activation of the enzyme AA-NAT is the rate-limiting factor 
off  this neurochemical pathway and depends on noradrenergic stimulation. The pi-adrenergic 
receptorr stimulation by NA increases cAMP accumulation via adenylate cyclase (AC) activa-
tion.. Increased cAMP levels activate protein kinases (i.e. PKAII) that, in one hand, induce the 
phosphorylationn of CREB that can interact with the CRE domain of the Aa-nat gene and there-
byy induce transcription. On the other hand, PKAII also stimulates AA-NAT enzymatic activity. 
Inn addition, a 1-adrenergic receptors potentiate the synthesis of melatonin by increasing cAMP 
levelss via activation of phospholipase C, protein kinase C and Ca2+ mobilisation. 

Okamuraa et al, 1989; Moore & Speh, 1993; Buijs et al, 1994; Hermes et al, 1996), 

andd we decided to test the functionality of this GABA-ergic output. As a first step we 

weree able to mimic the inhibitory effect of nocturnal light exposure by administration 

off  the GAB A-agonist Muscimol to the PVN (Kalsbeek et al, 1996a). In a follow-up 

study,, we were able to prevent the inhibitory effect of light on nocturnal melatonin 

releasee by infusing the GABA antagonist Bicuculline within the PVN, which demon-
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stratedd that GAB A release in the PVN is necessary for the light-induced inhibition of 
melatoninn synthesis in rat (Kalsbeek et al, 1999). Finally, we were able to show that 
GABAA was also involved in the circadian inhibition of melatonin synthesis, i.e. inde-
pendentt of its role in the direct inhibitory effect of light. Indeed, blocking GABA-ergic 
transmissionn in the PVN during (subjective) daytime increases melatonin synthesis 
(Kalsbeekk et al, 2000c). These results strongly suggest that the SCN controls the 
rhythmm of melatonin synthesis by imposing an inhibitory GABA-ergic signal onto the 
PVN->> pineal pathway during (subjective) daytime, assuming a constant stimulatory 
rolee for the PVN. 

SCNN output and peripheral oscillators 

Thee identification of clock genes in numerous tissues other than the SCN, includ-
ingg neuroendocrine cells (Kriegsfeld et al, 2003) and peripheral endocrine tissues 
(Fukuharaa et al, 2000; Bittman et al, 2003), has forced us (i.e. chronobiologists) to 
considerr a completely new view on the role of the SCN in the control of peripheral 
rhythms.. Instead of viewing the periphery as a passive tissue awaiting the signals from 
thee SCN in order to anticipate changes in the outside environment, it now seems 
possiblee that peripheral tissues can oscillate independently from the SCN and, in 
fact,, anticipate the output from the SCN. In the foregoing we proposed that the SCN 
controlss peripheral rhythms via a dual mechanism by using its connections to both 
thee endocrine and pre-autonomic neurons in the hypothalamus. For instance, the 
dailyy corticosterone peak is controlled not only by inducing the release of CRH from 
thee endocrine neurons in the hypothalamus, and the subsequent release of ACTH 
fromm the pituitary, but also by setting, at the same time, the sensitivity of the adrenal 
cortexx to ACTH via the autonomic pathway (Jasper & Engeland, 1994; Buijs et al, 

1999).. In a similar way, just before the onset of a period of increased activity during 
thee waking hours of the L/D-cycle, the SCN not only increases insulin sensitivity in 
orderr to enable the necessary increased glucose uptake by skeletal and heart muscles, 
butt also stimulates hepatic glucose production in order to prevent hypoglycemia due 
too the increased glucose uptake (la Fleur et al, 2001). The existence of peripheral 
oscillatorss suggests that these changes in sensitivity (i.e. for ACTH or insulin) could 
alsoo be due to cell-autonomous oscillations of peripheral tissues (Young & Kay, 2001; 
Kitaa et al, 2002; Young, 2003), instead of SCN control. However, the rhythmic ca-
pacityy of peripheral tissues disappears in SCN-lesioned animals (Akhtar et al, 2002; 
Terazonoo et al, 2003) and, in vitro the peripheral oscillator rhythms dampen after 2-7 
dayss (Yamazaki et al, 2000). In addition, grafts of SCN tissue are sufficient to restore 
rhythmss even in genetically arrhythmic mice, i.e. lacking central as well as peripheral 
oscillatorss (Sujino et al, 2003). Therefore, peripheral oscillators are clearly dependent 

35 5 



PARTI I 

onn SCN inputs to maintain their rhythmicity. At present we see two important func-
tionss for the peripheral oscillators: 1) local clocks will help to enhance the SCN signal 
andd enable peripheral tissue to maintain rhythmicity during a short-term absence of 
SCNN input (Young & Kay, 2001), and 2) local clocks help to synchronize the activity 
off  an organ and as a consequence they also help to enhance the feedback signal to the 
hypothalamuss (Buijs & Kalsbeek, 2001). Taking into consideration the multiplicity 
off  SCN outputs, as well as the multiplicity of their targets, opens the door to a better 
understandingg of the way the SCN is able to distribute its time-of-day information 
throughoutt the body, and "body guard" homeostasis. 
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C.. SCOPE OF THE THESIS 

Thee daily rhythm of melatonin release as mentioned above was discovered long ago, 
ass well as the necessity of SCN functioning to maintain this rhythm. However, the 
exactt way in which the SCN controls the melatonin synthesis rhythm (i.e. the exact 
effectt of the SCN on melatonin synthesis as well as the nature of the transmitters 
involvedd in this control) remained completely unknown until a few years ago. The 
experimentss described in this thesis were initiated to elucidate further the Orcadian 
controll  of the daily melatonin rhythm and to test the above mentioned "inhibition" 
hypothesiss launched in 2000 and illustrated in Fig.5, stating that: "The SCN controls 
thee daily rhythm of melatonin synthesis by imposing an inhibitory signal onto the 
PVN->> pineal pathway during (subjective) daytime". 

1 1 
Figuree 5 Schematic illustration of the "inhibition" hypothesis. 

Onee major assumption for this hypothesis to work is that the PVN provides a con-
stantt stimulatory input to the sympathetic system that innervates the pineal gland. 
AA major prediction that can be deduced from this hypothesis states that SCN lesions 
wil ll  cause a continuous release of melatonin at a level equal to the nighttime levels of 
SCN-intactt animals. However, previous studies measuring either plasma melatonin 
concentration,, enzymatic activity or gene expression of the main enzyme involved in 
thee melatonin synthesis pathway, i.e. arylalkylamine N-acetyltransferase (AA-NAT) , 
inn SCN-lesioned animals, have, so far, only reported low to intermediate levels of 
pineall  activity, and therefore seem to contradict this prediction (Raisman & Brown-
Grant,, 1977; Reppert et al, 1981; Bittman et al, 1989; Tessonneaud et al, 1995; 
Kalsbeekk et al, 1996a). Nevertheless, so far no study has reported a comparison of the 
respectivee implications of the 3 main structures involved in the SCN-pineal pathway, 
i.e.. SCN, PVN, and SCG, within one study and using the same method. Therefore, in 
thee first study, presented in Chapter 2, we realised this comparison by lesioning or 
removingg specifically either the SCN, the PVN or the SCG, and compared for the first 
time,, thanks to the in situ hybridisation technique, their respective effects on Aa-nat 

HypothesisHypothesis i 
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genee expression, which reflects melatonin synthesis the best. Interestingly, in contrast 
withh our "inhibition" hypothesis, the results obtained revealed that both acrophase 
andd nadir of the melatonin rhythm are driven by the SCN, and that PVN and SCG 
playy a simple role of relay-station to the pineal gland. Consequently, we had to renew 
ourr concept and proposed that in order to control the daily rhythm of melatonin syn-
thesiss the SCN uses a combination of both inhibitory (during daytime) and stimula-
toryy signals towards the PVN -> pineal pathway. 

HypothesisHypothesis 2 

Figuree 6 Schematic illustration of the new "combination" hypothesis. 

Thee results of this first study indicated, also for the first time, a functional role for 
thee nocturnal activity of the SCN. However, the SCN had until then been considered a 
daytimee functioning structure, due to the fact that its main activity period (metabolic 
andd electric) was situated in the (subjective) light period. Hence, it appeared neces-
saryy to check the concept of a nocturnal stimulatory SCN output in an acute and in 

vivovivo situation. In addition, it was of great interest to identify the (chemical) nature of 
thiss stimulatory signal coming from the SCN. These two points were successively ad-
dressedd in the second study, presented in Chapter 3, using the multiple microdialysis 
technique.. At first we tested the effect of an acute and temporary shutdown of either 
thee PVN or the SCN during the dark period, on melatonin release. In addition, we ex-
aminedd the role of glutamatergic signalling from the SCN to the PVN-pineal pathway 
onn the melatonin rhythm generating system. 

Anotherr assumption of the original "inhibition" hypothesis is that the early morn-
ingg decline of melatonin release is due to the increased release of GABA onto pre-au-
tonomicc PVN neurons. According to the new "combination" hypothesis, the morning 
declinee of melatonin would be due to a combination of increasing GABA release and 
aa withdrawal of glutamate release onto the pre-autonomic PVN neurons. In order 
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too test further the importance of the rhythmic GABA release in both hypotheses we 
infusedd the GABA-antagonist Bicuculline in the PVN during the dark/light transition 
(i.e.. ZT21-ZT4). According to the original "inhibition" hypothesis should adminis-
trationn of the GABA-antagonist be sufficient to delay the early morning decrease 
off  melatonin until at least ZT4. However, yet another possibility for explaining the 
earlyy morning decrease of melatonin is to assume that, next to GABA and glutamate, 
anotherr signal might be involved in the control of the daily melatonin rhythm. For 
instance,, previously it has been suggested that the intrapineal accumulation of ICER 
couldd be responsible for the arrest of melatonin synthesis at the end of the dark pe-
riod.. Therefore, it was crucial to first check in vivo that the decline of melatonin at the 
endd of the night was actually induced by a clock arrest of the sympathetic release of 
NA.. Therefore, we artificially prolonged the noradrenergic stimulation of the pineal 
gland,, and measured its ability to produce melatonin at the transition from dark to 
light.. These experiments are described in Chapter 4. 

Duringg the course of the above experiments a slow increase of evidence was notable 
inn the literature for multiple clock outputs as well as for a clear compartmentalisa-
tionn of the SCN. Moreover, with specific subdivisions of the SCN showing Per genes 
expressionn along the light/dark cycle (Yan & Okamura, 2002), it became of great in-
terestt to couple the activation of specific subsets of SCN cells with the onset/offset of 
melatoninn synthesis. This aim was pursued in Chapter 5. Since it takes at least 5 days 
forr the nocturnal peaks of AA-NAT activity and melatonin secretion to reappear after 
ann 8-h phase advance of the L/D cycle (Illnerova, 1989; Kennaway, 1994; Drijfhout et 

a/.,, 1997; Kalsbeek et al, 2000a), and since such an abrupt shift also affects the spatial 
andd temporal distribution of Per gene expression in the SCN (Nagano et al, 2003), we 
decidedd to use this experimental paradigm to investigate whether we could correlate 
PerPer gene expression in a subpopulation of SCN neurons with the reappearance of 
eitherr the onset or offset of the melatonin peak. 

Finally,, Chapter 6 summarises the results and conclusions, and discusses them in 
thee framework of the most recent (i.e. December 2003) existing literature. Chapter 6 
sumss up what the present experiments have added to our knowledge on the output 
mechanismss of the SCN, and what new questions have evolved and remain to be re-
solvedd for a more detailed understandingg of the SCN output mechanisms. Altogether, 
thee studies in this thesis present a new concept of the control of the daily melatonin 
rhythmm by the biological clock. In fact, this concept may also facilitate the under-
standingg of other physiological and hormonal rhythms controlled by the biological 
clock. . 
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