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Abstract

In mammals, circadian rhythms are controlled by a master clock localized in the
suprachiasmatic nucleus (SCN) and entrained to 24 h by external cues. These signals are
conveyed by three main afferences: the retinohypothalamic tract (RHT), the
geniculohypothalamic tract (GHT) and the serotonergic tract. Photic factors during the night,
leading to glutamate release from the RHT and c-Fos and clock gene expression in the SCN,
induce phase shifts of the locomotor activity rhythm. Non-photic factors during the day
generally induce phase advances of the locomotor activity rhythm and involve serotonin
(5-HT) release from the serotonergic tract. Photic and non-photic factors can interact and
modulate their respective effects. The purpose of my thesis is to better understand the
mechanisms underlying these interactions.

In the first part of this work, we have investigated the interaction between a photic
factor and a non-photic factor on different circadian parameters in mice exposed to a
light-dark cycle and fed daily with a diurnal hypocaloric diet (hypocaloric-fed mice).
Compared to control animals fed ad libitum, the hypocaloric-fed mice showed phase changes
of the locomotor activity, the melatonin secretion and the vasopressin expression rhythms
and showed significant phase advances of two clock gene expression. There were also
changes of light-induced phase shifts of the locomotor activity rhythm and light-induced clock
gene expression in hypocaloric-fed mice. Thus, diurnal hypocaloric feeding is a non-photic
factor able to modulate the synchronizing effects of light in the mouse.

Lesion of serotonergic afferences to the SCN induces a marked reduction of the phase
shifting effects of the diurnal hypocaloric feeding, implicating 5-HT in the neuronal
mechanisms underlying these effects. In rats, 5-HT agonists are known to mimic the effect of
light on various parameters of the SCN. We thus proposed that 5-HT could play a role in the
functional interaction between photic and non-photic factors in the SCN and we thus studied
the neuronal mechanisms mediating the photic-like shifting effects of 5-HT in the rat.

In the second part of this work, we first tried to localize the 5-HT receptors implicated in
these photic-like effects. As serotonergic agonists act directly in the SCN, these receptors
can be either presynaptic or postsynaptic. To test the presynaptic hypothesis, we studied the
phase shifting effects of a non-specific serotonergic agonist, the quipazine, in animals
bearing lesions of either the serotonergic afferences, the GHT or the RHT. Our results
implicate the RHT suggesting that the 5-HT receptors involved are localized on terminals of
this tract. The possible serotonergic receptor subtype involved in these photic-like effects of
5-HT could be the 5-HT; receptors since they have been shown in other brain structure to be
localized on glutamatergic terminals and to induce glutamate release. Our results obtained
with a specific 5-HT3; agonist and a specific 5-HT3; antagonist on several circadian parameters
demonstrate the implication of the 5-HT; receptor in the photic-like resetting effects of
quipazine on the locomotor activity rhythm. However, another 5-HT receptor subtype seems
to be involved in the induction of c-FOS expression by quipazine. In addition, we found that
NMDA receptors, which are activated by glutamate release, participate in the phase advance
of the locomotor activity rhythm and in the c-FOS expression in the SCN, induced by
guipazine injection. Thus, the resetting effects of 5-HT in rats are mediated by presynaptic
5-HT; receptors localized on the RHT terminals that trigger glutamate release, thus
producing photic-like behavioral shifts.






Résumé

Chez les mammiféres, les rythmes circadiens sont contr6lés par une horloge
biologique, localisée dans les noyaux suprachiasmatiques (SCN), qui est entrainée a 24 h
par des facteurs externes. Ces informations sont véhiculées par trois afférences majeures :
le tractus rétinohypothalamique (RHT), le tractus géniculohypothalamique (GHT) et le tractus
sérotonergique. Les facteurs photiques de nuit provoquent des décalages de phase du
rythme d’activité locomotrice implicant la libération de glutamate par le RHT et I'expression
de c-fos et des génes horloges dans les SCN. Les facteurs non-photiques de jour induisent
des avances de phase du rythme d’activité locomotrice en relation avec la libération de la
sérotonine (5-HT) du tractus sérotonergique. Les facteurs photiques et non-photiques
peuvent interagir et moduler leurs effets respectifs. Ces mécanismes d’interaction encore
mal connus, sont I'objet de mon projet de these.

Dans la premiére partie de ce travail, nous avons étudié I'interaction entre un facteur
photique et un facteur non-photique sur différents parameétres circadiens chez des souris
placées en cycle lumiere/obscurité et soumises quotidiennement a un nourrissage
hypocalorique diurne (souris hypocaloriques). Nous avons montré chez ces souris que le
rythme d’activité locomotrice, de sécrétion de mélatonine et d’expression de la vasopressine
est significativement modifié par rapport aux témoins. De plus, une avance de phase
significative de I'expression de deux génes horloges a été mise en évidence. Nous avons
obtenu des variations majeures des décalages de phase et de l'expression de génes
horloges dans les SCN, induits par la lumiére chez les souris hypocaloriques. Le nourrissage
hypocalorique diurne est donc un facteur non-photique capable de moduler [effet
d’entrainement de la lumiére chez la souris.

La Iésion des afférences sérotonergiques des SCN entraine une nette réduction des
effets synchroniseurs du nourrissage hypocalorique diurne, suggérant l'implication de la
5-HT dans les mécanismes neuronaux sous-jacents. Chez le rat, les agonistes de la 5-HT
miment les effets de la lumiére sur différents paramétres de I'horloge. L’hypothése selon
laquelle la 5-HT pourrait jouer un role dans l'interaction fonctionnelle entre les facteurs
photiques et non-photiques au sein des SCN mérite d’étre testée en étudiant les effets de
type photiques de la 5-HT chez le rat.

Dans la deuxieme partie du travail, nous avons tenté de localiser les récepteurs
sérotonergiques impliqués dans les effets de type photique de la 5-HT. Sachant que les
agonistes sérotonergiques agissent au niveau des SCN, les récepteurs sérotonergiques mis
en jeu peuvent étre présynaptiques ou postsynaptiques. Pour tester [I'hypothése
présynaptique, nous avons étudié l'effet synchroniseur d’'un agoniste sérotonergique
non-spécifique, la quipazine, chez des animaux ayant une lésion des afférences
sérotonergiques, du GHT ou du RHT. Nos résultats suggérent une localisation sur les
terminaisons du RHT des récepteurs 5-HT impliqués dans ces effets. Pour identifier le
sous-type de récepteurs sérotonergiques, l'utilisation d’'un agoniste et un antagoniste
spécifiques du récepteur 5-HT3; nous a permis de mettre en évidence le rble de ce récepteur
dans les effets de type photique de la 5-HT sur le rythme d’activité locomotrice. Toutefois, un
autre sous-type de récepteur 5-HT participe a l'induction de I'expression de c-FOS dans les
SCN par la quipazine. De plus, nos résultats montrent 'implication des récepteurs NMDA qui
sont activés par la libération de glutamate dans les effets d’avance de phase du rythme
d’activité locomotrice et de I'expression de c-FOS dans les SCN, induits par la quipazine.
Ainsi, les effets synchroniseurs de la 5-HT chez le rat font intervenir les récepteurs 5-HT;
présynaptiques localisés sur les terminaisons du RHT, qui entrainent la libération de
glutamate et par conséquence qui induisent des décalages de phase comportementaux de
type photique.
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Zusammenfassung

Circadiane Rhythmen werden bei allen S&ugetieren durch einen endogenen
Schrittmacher im Nucleus suprachiasmaticus (SCN) erzeugt und durch Umweltreize,
sogenannte Zeitgeber, auf den 24 h-Rhythmus der Umwelt synchronisiert. Der wichtigste
natirliche Zeitgeber ist der Licht-Dunkelwechsel, der bei allen Saugetieren tber die Augen
wahrgenommen wird. Nach neuesten Erkenntnissen wird die fiir das circadiane System
relevante Lichtinformation nicht Uber die klassischen Photorezeptoren (Zapfen und
Stabchen) wahrgenommen, sondern Uber spezialisierte Ganglienzellen. Die Weiterleitung
der Lichtinformation von der Retina an den SCN erfolgt Uber drei neuronale Afferenzen: den
retinohypothalamischen Trakt (RHT), den geniculohypothalamischen Trakt (GHT) sowie Uber
serotonerge Bahnen vom Nucleus raphe. Nach dem heutigen Wissensstand bewirken
photische Stimuli wahrend der Nacht die Freisetzung des Neurotransmitters Glutamat aus
den Endigungen des RHT. Dies fuhrt zur Aktivierung von induzierbaren
Transkriptionsfaktoren, wie beispielsweise c-Fos, was wiederum die Expression diverser
Uhrengene im SCN verdndert und so zu einer Phasenverschiebung des circadianen
Rhythmus fihrt. Je nach Richtung der Phasenverschiebung spricht man von
Phasenbeschleunigung oder -verzégerung. Wahrend des Tages fiihren nicht-photische
Stimuli Uber die Freisetzung von Serotonin (5-HT) aus den Endigungen der serotonergen
Bahn in der Regel zu Phasenbeschleunigungen, wobei sich photische und nicht-photische
Stimuli auch gegenseitig beeinflussen kdnnen. Ziel der vorliegenden Arbeit war es daher, die
Mechanismen der gegenseitigen Beeinflussung von photischen und nicht-photischen Stimuli
genauer zu untersuchen.

Im ersten Teil der Arbeit wurde die Interaktion zwischen photischen und
nicht-photischen Stimuli an Mausen untersucht, bei denen ein 24 h Licht-Dunkelwechsel mit
einer auf die Lichtphase beschrénkten Fitterung einer energiearmen Diat (hypocalorie-fed
mice) kombiniert wurde. Als Messgrof3en fur den circadianen Rhythmus wurden der
Aktivitatsrhythmus, die nachtliche Melatoninausschittung und die Expression des
Neurotransmitters  Vasopressin  im  SCN  untersucht.  Aul3erdem wurden die
Expressionsmuster verschiedener Uhrengene (Perl, Per2, Bmall, Cry2) im SCN untersucht.
Im Gegensatz zu den ad libitum gefutterten Kontrolltieren, zeigten die Mause mit
Futterrestriktion  Phasenverschiebungen im Aktivitats- und  Melatonin-, und
Vasopressin-Rhythmus sowie in der Expression verschiedener Uhrengene. Die Ergebnisse
zeigen, dass restriktive Fltterung mit einer energiearmen Diat ein nicht-photischer Stimulus
ist, der den synchronisierenden Einfluss des Licht-Dunkelwechsels modifizieren kann.

Lasionen der serotonergen Afferenzen zum SCN reduzierten die oben beschriebene
phasenverschiebende Wirkung der restriktiven Fitterung. Dies lie vermuten, dass die
serotonerge Innervation des SCN an der Vermittlung dieses nicht-photischen Stimulus
beteiligt ist. AuRerdem war bereits bekannt, dass 5-HT Agonisten wie Quipazin oder DOI bei
Ratten eine lichtahnliche Wirkung auf verschiedene circadiane Parameter, wie z.B. die
Aktivitats- oder Melatoninrhythmik, haben. Daraus ergab sich die Arbeitshypothese, dass
5-HT ein wichtiger Neurotransmitter bei der Verarbeitung und bei der Interaktion von
photischen und nicht-photischen Eingadngen in den SCN ist.

Im zweiten Teil dieser Arbeit wurden daher die neuronalen Strukturen bzw. Rezeptoren
genauer charakterisiert, die an der lichtdhnlichen Wirkung von 5-HT beteiligt sind. Ein
friherer Befund, dass 5-HT Agonisten direkt am SCN wirken, lasst sich sowohl Uber
prasynaptische wie postsynaptische 5-HT Rezeptoren im Bereich des SCN erklaren. Um die
mogliche Beteiligung préasynaptischer Rezeptoren zu testen, wurde zunachst der
phasenverschiebende Effekt von Quipazin, einem unspezifischen 5-HT Agonisten, bei
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Ratten mit Lasionen des RHT, des GHT oder der 5-HT Afferenzen untersucht. Dabei zeigte
sich, dass weder Lasionen des GHT, noch der 5-HT Afferenzen Auswirkungen auf die
Phasenverschiebung im Aktivitdtsrhythmus oder die c-Fos Expression im SCN hatten. Nur
nach bilateraler Lasion des RHT konnten keine Phasenverschiebungen mehr ausgelost
werden und die c-Fos Expression im SCN entsprach der von unbehandelten Kontrolltieren.
Diese Ergebnisse lassen vermuten, dass Quipazin Uber prasynaptischen Rezeptoren auf
den Nervenendigungen des RHT wirkt. Als moglicher Kandidat wurde der 5-HT; Rezeptor
angesehen, da fur diesen Rezeptortyp bereits bekannt war, dass er in anderen Bereichen
des Gehirns als prasynaptischer Rezeptor auf glutamatergen Nervenendigungen die
Freisetzung von Glutamat fordert.

Weitere Versuche mit 5-HT; spezifischen Agonisten und Antagonisten galten daher der
genaueren pharmakologischen Charakterisierung. Die Ergebnisse zeigten, dass zumindest
der Aktivitatsrhythmus der Tiere durch Gabe eines 5-HT; spezifischen Agonisten verschoben
werden konnte und dass die phasenverschiebende Wirkung von Quipazin durch einen 5-HT;
spezifischen Antagonisten blockiert werden konnte. An der gleichzeitig untersuchten
Aktivierung von c-Fos im SCN scheint jedoch noch mindestens ein weiterer 5-HT Rezeptor
beteiligt zu sein, da die Vorbehandlung mit einem 5-HT; spezifischen Antagonisten die durch
Quipazin induzierte c-Fos Expression nicht komplett blockierte. Mdgliche Kandidaten sind
postsynaptisch lokalisierte 5-HT; bzw. 5-HT,c Rezeptoren. So gibt es bereits eine Reihe von
Vertffentlichungen, die zeigen, dass 5-HT,c spezifische Agonisten und Antagonisten die
phasenverschiebende Wirkung von Licht simulieren bzw. inhibieren kénnen.

AuRerdem wurde in der vorliegenden Arbeit gezeigt, dass Glutamat-Rezeptoren vom
NMDA-Subtyp an der Wirkung von Quipazin auf die Aktivitatsrhythmik und auf die c-Fos
Expression im SCN beteiligt sind, da die lichtahnliche Wirkung von Quipazin durch den
spezifischen Antagonisten MK-801 blockiert werden konnte. Daraus ergab sich die
Schlussfolgerung, dass die durch 5-HT bewirkten Phasenverschiebungen der circadianen
Rhythmik durch die Aktivierung von prasynaptischen 5-HT; Rezeptoren auf den Terminalen
des RHT und die dadurch induzierte Freisetzung von Glutamat vermittelt werden.
AbschlieRend wurde untersucht, welchen Effekt Quipazin und ein 5-HT; spezifischer Agonist
auf die Expression verschiedener Uhrengene haben. Hier zeigte sich lediglich eine
Steigerung in der Expression von Perl.

Zusammenfassend zeigen die gewonnenen Ergebnisse, dass die Synchronisation der
Inneren Uhr bei Saugetieren durch eine komplexe Interaktion von photischen und
nicht-photischen Stimuli erfolgt. Speziell unter nattrlichen Umweltbedingungen sind nicht nur
der Licht-Dunkelwechsel, sondern auch andere Umweltfaktoren, wie z.B. ein eingeschrankter
Zugang zu Futter, von groRer Bedeutung fiir den Uberlebenserfolg eines Tieres. Insofern ist
es nur sinnvoll, dass auch nicht-photische Stimuli das circadiane System beeinflussen
kénnen und so die Anpassung an die Umwelt unterstitzen. Diese nicht-photischen Stimuli
werden vermutlich durch verschiedene neuronale Eingédnge vermittelt, wobei die
serotonergen Afferenzen zum SCN von besonderer Bedeutung sind, weil sie die
Funktionalitat des circadianen Systems Uber unterschiedliche 5-HT Rezeptoren beeinflussen
kénnen.
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INTRODUCTION

Survival of animals depends on their adaptation to their environment. One of the most
important adaptive process is the capacity to anticipate events. Thus, animals have to develop
behavioral and physiological responses to predictable changes in environmental parameters.
The daily light-dark (LD) cycle lasting 24 h, due to earth rotation, is the most reliable of them.
The organism is able to anticipate daily events such as mealtime. But light gives another
information: season. Except at the level of Equator, duration of the light phase depends on
time of year. Seasonal adaptations allow pups to be born at the most favorable period of the
year occurring during springtime.

An internal timing system is therefore required to elaborate adapted responses to those
time cues. Moreover, this system, defined as the circadian system, is able to generate
circadian rhythms and thus to give an endogenous rhythmic message to the whole body,

without external information.

In this introduction, I will first define what a circadian rhythm is. I will then focus on
the suprachiasmatic nucleus (SCN), the site of the main circadian clock. I will further detail
the mechanisms of rhythms entrainment to finally describe a very important afferent system
of the SCN: the serotonergic system, which is together with the mechanisms of entrainment,

the main focus of the present work.

I. Circadian rhythms

1. 1. Definition and properties

According to the period length, it is possible to characterize different rhythms: ultradian
(period smaller than 20 h), circadian (period close to 24 h) and infradian (period longer than
28 h). My work will focus on the circadian rhythms.

A circadian rhythm is endogenous, meaning that it persists in the absence of external
time cues. There is therefore a major difference between circadian and daily rhythms. Both
occur on a daily basis, but contrary to a circadian rhythm, a daily rhythm disappears without

external time cues. Temperature compensation, preventing temperature variations to have an
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effect on the speed of clocks, is the second main feature of a circadian rhythm. Finally,
circadian rhythms can be synchronized to exactly 24 h through the resetting effects of
environmental cues, named Zeitgebers, such as alternation of light and dark periods,

so-called light-dark (LD) cycles.

12. An example of circadian rhythms: the locomotor activity
rhythm

In rodents, the first circadian rhythm observed was the locomotor activity rhythm
measured in a running-wheel. Indeed, this locomotor activity rhythm shows an alternation of a
rest and an active phase. Without Zeitgeber (meaning in constant conditions, e.g. in constant
darkness (DD)), animals are free-running (Fig. 1). The period of the locomotor activity
rhythm, named tau (t) is therefore close to, but not equal to 24 h, and results in daily shiftings
of this rhythm compared to the astronomic time. The duration of the circadian day is equal to
T and divided into two phases: subjective day and subjective night, corresponding to rest and
active phase, respectively, for nocturnal animals. The circadian day is also divided into 24
circadian hours or circadian time (CT), CT 0 (=CT 24) being the beginning of the subjective
day and CT 12 the beginning of the subjective night.

In natural conditions, animals are entrained to the 24 h period LD cycles, using

mechanisms of entrainment explained in the chapter: ”III. Entrainment of circadian rhythms”.
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Figure 1. Locomotor activity rhythm of a hamster in constant darkness (DD). The animal is
free running and its endogenous period is larger than 24 h. In light-dark (LD) cycle (down
from the arrow) the rhythm is entrained. CT: Circadian time, ZT: Zeitgeber time.

I1. The suprachiasmatic nucleus

The circadian rthythms are generated and distributed to the rest of the body by a master
clock (Klein et al., 1991). In mammals, this master clock is located in the suprachiasmatic
nucleus (SCN) of the hypothalamus. Nevertheless, other brain structures or organs of the
body can build rhythms. Two terms can therefore be distinguished and applied to structures
that generate rhythms. First, oscillators (or pacemakers) are defined as structures that
generate rhythms, that can be transcient or self-sustained (that persist without external
information). Second, a clock is an oscillator that is entrained by external stimuli and is able
to distribute rhythmic messages to other structures. However, up to now, no definitive

nomenclature has been determined.
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I1.1. The suprachiasmatic nucleus is the location of the master
clock: experimental proofs

In order to be considered as the master clock, the SCN has to fulfill different criteria:
* The SCN has to generate intrinsic (i.e., endogenous) rhythms.
* The SCN must receive photic inputs in order to be reset by light.
* The SCN must have the capacity to distribute the rhythmic information to the whole
body.
* The lesion of the SCN must abolish physiological rhythms.
The second and the third conditions will be detailed in the third chapter: ”III. Entrainment of

circadian rhythms”.
II.1.1. Lesion and transplantation experiments

The discovery of the circadian clock location has been realized in 1972, when two
independent teams showed that the lesion of a structure of the hypothalamus, the SCN,
induced a loss of corticosterone secretion rhythm (Moore and Eichler, 1972), of drinking and
locomotor activity rhythms (Stephan and Zucker, 1972) (Fig. 2). Moreover, transplantation of
fetal or early postnatal SCN tissue was able to restore circadian rhythmicity in some
behavioral parameters like locomotor activity (Ralph et al., 1990) but not melatonin secretion
(Meyer-Bernstein et al., 1999). In addition, the period of the rhythms restored was determined
by the donor (Ralph et al, 1990). Two different transplantation experiments have
demonstrated that circadian period is an intrinsic property of the SCN.

The first example is the transplantation study using the tau mutant hamster, in which
heterozygotes has a circadian period length of about 22 h and the homozygotes has a period of
about 20 h (Ralph and Menaker, 1988). Donor SCN obtained from a homozygous tau mutant
hamster restored a 20 h rhythm in an arrhythmic SCN-lesioned host animal with a 24 h
rhythm prior to lesion and vice versa.

The second example is the transplantation study using the vasopressin-deficient
homozygous Brattleboro rats, which have a longer endogenous period (Boer ef al., 1999).
In the same way, SCN transplants derived from homozygous and heterozygous Brattleboro
fetuses restored a circadian rhythm with a similar difference in period length (24,3 vs. 23,8 h)

as reported for the intact adult Brattleboro genotypes.
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Figure 2. Locomotor activity rhythm of a rat after SCN lesion. The animal has an
endogenous period of about 24 h before the lesion as shown by the periodogramm. After SCN
lesion (from day 30 until day 60), the locomotor activity rhythm disappears. (modified from
Wollnik and Turek, 1989).

I1.1.2. Intrinsic circadian rhythms: electrophysiology and metabolism

An in vivo study demonstrated that the SCN are able to maintain a circadian rhythm of
spontaneous electrical activity even when they were isolated from other brain structures
(Inouye and Kawamura, 1979). Moreover, this rhythm is maintained in SCN slices (Green
and Gillette, 1982; Shibata et al., 1982) as well as in isolated SCN cells (Welsh et al., 1995)
with a peak occurring during the subjective day and a trough during the subjective night. This
electrical rhythm can persist for several weeks (Bos and Mirmiran, 1990).

Another intrinsic circadian rhythm has been pointed out. Indeed, there is a circadian
rthythm for the metabolic activity of the SCN, shown by '*C-labeled deoxyglucose uptake
in vivo (Schwartz and Gainer, 1977) and in vitro (Newman and Hospod, 1986) with a
maximum during the subjective day.

Moreover, Shibata et al. (1992) showed circadian changes of protein synthesis in rat

SCN slices.
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11.2. Cellular organization of the SCN

I1.2.1. Localization and anatomy

The SCN is a pair of dense nuclei, localized adjacent to the third ventricle and above the
optic chiasma (for review, Reuss, 1996; Ibata ef al., 1999; van Esseveldt ef al., 2000) (Fig. 3).
In the rat, the rostro-caudal length of this structure is about 900 um and the mediolateral and
dorsoventral length is about 300 um. It contains almost 16 000 small neurons (van den Pol,
1980). The SCN is one of the brain regions with the smallest neurons (7-11 pm soma
diameter) and contains also a lot of astrocytes.

The SCN is classically divided in two subdivisions: the dorsomedial region (dmSCN
or shell) and the ventrolateral region (VISCN or core) (Moore, 1983; Leak et al., 1999;
Moore and Leak, 2001) (Fig. 4). The dmSCN is characterized by small, elongated neurons
with large nuclei and few cell organelles. The neurons are tightly packed and interconnected
via somato-somatic appositions, resulting in a chain of neurons (Van den Pol, 1980).

Moreover, most of these neurons synthesize vasopressin (VP) (Vandesande et al., 1975; Van

SCN

Figure 3. Localization of the SCN

On the left, coronal section of a hamster brain at the level of the SCN stained with violet
cresyl. On the right, enlargement shows the SCN adjacent to the third ventricle (3V) and on
the top of the optic chiasma (OC).
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den Pol and Tsujimoto, 1985; Card et al., 1988). The vISCN contains a lower density of
spherical neurons that have an organelle-rich cytoplasm (Van den Pol, 1980). The neuronal
soma tend to be separated by glial cells, which completely enclose the synaptic junctions
within the vISCN (Giildner and Wolff, 1996; Serviere and Lavialle, 1996b; Maurel et al.,
2000), and communicate with each other through gap junctions (van den Pol, 1980; Welsh
and Reppert, 1996). Neurons in the VISCN are characterized by the synthesis of vasoactive
intestinal polypeptide (VIP) (Card et al., 1981).

I1.2.2. Content in neuropeptides et neurotransmitters

This part deals only with neuropeptides and neurotransmitters synthesized in the SCN
cells. The peptides localized in the afferent fibers will be described in the chapter
“III. Entrainment of circadian rhythms”.

Two neurotransmitters are synthesized in the SCN: GABA (y-Amino-butyrique acid)
(Moore and Speh, 1993) and glutamate (Hermes et al., 1996; Isobe and Nishihara, 2002;
Perreau-Lenz et al., 2003).

\OC

Retina

Figure 4. Subdivision of the SCN in dorsomedial (dmSCN) and ventrolateral (vISCN) regions.
Content in different neuropeptides. Calb: Calbindin; GABA: g-Aminobutyric acid; GRP:
Gastrin releasing peptide; OC: Optic chiasm; PHI: Peptidine isoleucine histidine;, SOM:
Somatosatin, VP: Vasopressin
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Several neuropeptides have found to colocalize: VP colocalizes with enkephalin
(Sakanaka ef al., 1990) whereas VIP and peptidine histidine isoleucine (PHI) (Card et al.,
1988) which are derived from a common precursor molecule, colocalize with gastrin
releasing peptide (GRP) (Okamura et al., 1986; Mikkelsen et al., 1991). Moreover, it seems
likely that all these cells can be inter-connected (Romijn et al., 1997; LeSauter et al., 2002).

A smaller proportion of somatostatin (SOM)-producing neurons was found in between
the dmSCN and the vISCN (Card et al., 1988). These neurons do not colocalize with either
VP or VIP (Tanaka et al., 1996), and thus mark a distinct cell group.

Moreover, in hamsters and mice SCN, a local expression of an intracellular molecule
calbindin-D,gk (CalB) (Silver et al., 1996a) has been reported.

Other substances, that have been immunocytochemically reported to be produced in
perikarya of rat SCN neurons, include for example angiotensin-(1-7) (Block et al., 1988),
calcitonin gene-related peptide (Park ez al., 1993) and enkephalin (Sakanaka et al., 1990).

11.2.2.1. GABA

GABA is present in almost all SCN neurons (Moore and Speh, 1993), suggesting an
important role in the circadian rhythmicity. It is therefore colocalized with nearly all
neuropeptides of the SCN (Buijs et al., 1995). Its synthesis enzyme, the glutamic acid
decarboxylase (GAD) (that transforms glutamate in GABA), shows a circadian rhythm of
mRNA expression (Huhman et al., 1999). Moreover, both GABA levels and GAD activity in
rats showed a circadian fluctuation in DD conditions (Aguilar-Roblero et al., 1993) with
maximal values occurring at the beginning of the night. Potential function for GABA will be
detailed in chapter “II.3.2.: Cellular basis of the circadian rhythmicity: Mechanisms of

cellular synchronization” and in chapter “II1.2. The distribution of the circadian message”.

11.2.2.2. Vasopressin

VP is the most extensively studied neuropeptide of the SCN. As explained before, its
expression is restrained to the dmSCN region (Fig. 5). VP protein levels (Tominaga et al.,
1992a) and VP mRNA levels (Cagampang et al., 1994; Dardente et al., 2004) cycle in the
SCN under both LD and DD conditions with peak levels during the subjective day. The VP
V1a receptor (V1aR) located on both VPergic and VIPergic SCN neurons (Dubois-Dauphin
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et al., 1990) has been shown to express a diurnal rhythm under LD conditions, 12 h out of
phase from that of VP with peak levels around midnight (Young et al., 1993). Moreover,
application of VP agonists to SCN cells in vitro increased the firing rate of about 50% of the
neurons (Mihai et al., 1994a), whereas application of a VPergic antagonists on the SCN cells
in vitro induced a decrease in activity of about half of the VP-responsive neurons (Mihai et

al., 1994b).

Rostral Middle Caudal
vel 3% v o o 4 R
vel o o

Figure 5. mRNA expression of VP, VIP and GRP after in situ hybridization of coronal rat
brain sections at the level of the SCN (Modified from Dardente et al., 2002).

I1.2.2.3. Vasoactive Intestinal Peptide

VIP is only synthesized in the vISCN region (Fig. 5). Levels of VIP mRNA and protein
showed a diurnal rhythm under LD conditions with peak levels during the night (Takahashi et
al., 1989), but remained constant under DD conditions at least in the rat (Shinohara et al.,
1993). There are two VIP receptors: the VPAC1 and the VPAC2, but only the latter is
abundantly expressed in the rat SCN and shows a comparable biphasic pattern of expression
in LD and DD with peaks at the end of the day and at the end of the night (Cagampang et al.,
1998). In addition, it is important to note that the VIP cells project strongly to the VP cells
(Ibata et al., 1993) and that thin varicose axons containing VIP are present throughout the
SCN (Card et al., 1981). VIP seems to be essential for the SCN cells coupling (see chapter:
“I1.3.2.: Cellular basis of the circadian rhythmicity: Mechanisms of cellular synchronization™)

and synchronization to light (see chapter: “III.1.2.1.: Photic entrainment of the SCN™).
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11.2.2.4. Gastrin-Releasing Peptide

As VIP, GRP is exclusively expressed in the vISCN (Mikkelsen et al., 1991) (Fig. 5). It
is found to be colocalized with VIP (Romijn et al., 1998). Levels of GRP also show a diurnal
rhythm under LD conditions, which is however 12 h out of phase with the VIP rhythm (higher
during the day than during the night) (Okamura and Ibata, 1994). However, in DD conditions,
this rhythm is abolished at least in the rat (Shinohara et al., 1993; Dardente et al., 2004). The
role of GRP is not clear since its application on SCN slices induced different effects
depending on neurons (Tang and Pan, 1993). However, injected in vivo directly in the SCN,
GRP induced delays of the locomotor activity rhythm at the beginning of the subjective night
and advances at the end of the subjective night (Piggins et al., 1995), suggesting an
implication of GRP in the synchronization of the SCN to light (Dardente et al., 2002).

11.2.2.5. Somatostatin

SOM is expressed in a separate group of cells located in between the large pool of
VPergic and VIPergic neurons (Tanaka ef al., 1996). The innervation’s field of the SOMergic
neurons is confined within the SCN (Daikoku et al., 1992a) with its receptors mainly present
in the vISCN (Breder et al., 1992). The expression of SOM showed a circadian variation with
a peak during the day in the rat (Fukuhara et al., 1993; Nishiwaki et al., 1995) whereas in the
hamster, its expression was constant (Duncan et al., 2001). Application of SOM on SCN
slices induced the same effects on rhythms as those induced by GRP and VIP (Hamada et al.,

1993). However, its precise role in circadian rhythms has not been deeply studied so far.

II.2.2.6.Calbindin-Dst

In the hamster and the mouse, the CalB cells are densely packed within a discrete region
in the VISCN (Silver et al., 1996a; Menet et al., 2003). The cells receive afferent fibers
containing neuropeptides like substance P, VIP and GRP, but not AVP (LeSauter et al.,
2002). However, in the rat, these cells are more sparse (Mahoney et al., 2000). SCN cells that
produce CalB seem to be very important in the genesis and control of the locomotor activity
rhythm in the hamster. Indeed, partial lesion of CalB neurons induced a loss of the locomotor

activity rhythm and the persistance of the rhythm was correlated with the number of CalB
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cells left. Moreover, when SCN neurons were regrafted after this lesion, the higher number of
CalB neurons were contained, the better the locomotor activity rhythm was restored (LeSauter
and Silver, 1999). However, these CalB cells do not express a circadian rhythm of electrical

activity, whereas adjacent cells do (Jobst and Allen, 2002).

11.3. Rhythm genesis in the SCN

Most SCN neurons are autonomous circadian pacemakers. Indeed, single SCN neurons
dispersed at low density onto a multielectrode array expressed firing rate patterns with
different circadian periods (Welsh et al., 1995). Moreover, the application of tetrodotoxin
(TTX), known to block action potentials, did not change the phase of electrical activity
rhythm of a SCN neuron.

This raised the question of the origin of this rhythm and the way it is built.

The transplantation study using the tau mutant hamster (Ralph and Menaker, 1988) as
well as the vasopressin-deficient homozygous Brattleboro rat (Boer ef al., 1999) gave strong
arguments for a genetically determined clock in mammals. In addition, this feature has been

already demonstrated in insects (Pittendrigh, 1967).
I1.3.1. Molecular basis of the circadian rhythmicity

The identification of genes which appear to be crucial for circadian rhythmicity (“clock
genes”) in the fruit fly Drosophila melanogaster and the fungus Neurospora crassa has
prompted many investigators to search for mammalian homologs.

Figures 6 and 7 summarize the effect of different clock genes mutations on locomotor
activity rhythm. The patterns of clock gene expression are recapitulated in Table 1. Figure 8
illustrates the molecular machinery of the SCN.

The discovery of the first clock gene in mammals, named Clock, was provided by
Vitaterna et al. (1994) in mice. Eleven clock genes have been revealed so far: Perl, Per2,
Per3, Cryl, Cry2, Decl, Dec2, Clock, Bmall, Reverb a and Ror a. The related mRNAs and
proteins interact and form one positive, one negative and the Rev-erba transcriptional and
post-translational autoregulatory loops (Fig. 8). Moreover, Casein kinase I ¢ (CKlg), is

also implicated in the regulation of these loops. The positive loop induces the rhythmic
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expression of other genes, named clock-controlled genes (ccg) that are direct outputs of this

molecular machinery, that is the case for VP gene.

I1.3.1.1. The positive loop

This loop is composed of three transcription factors: CLOCK, BMAL1 and RORa.

CLOCK (Circadian Locomotor Output Cycles Kaput) belongs to the bHLH (basic
Helix-Loop-Helix) — PAS (Period-Arnt-Sim) domain transcription factors family (King et al.,
1997; Hogenesch et al., 1998). bHLH is a protein domain which allows DNA binding. PAS
domains allow dimerization with other proteins containing this domain. Mutant mice for
Clock, generated by mutagenesis (Takahashi ef al., 1994), are arrhythmic in DD (Vitaterna et
al., 1994) (Fig. 6A). Moreover, in Clock mutant mice, the expression of other clock genes,
like Per (Oishi et al., 2000), Cry (Kume et al., 1999) or Dec (Butler et al., 2004) is strongly
reduced, providing the evidence that Clock is an important part of the positive loop. mRNA
levels of Clock in the SCN of mice (Shearman et al., 1999) and rats (Oishi ef al., 1998), as
well as its protein levels (Maywood et al., 2003) are constant in DD (Table 1).

BMALI1 (Brain and Muscle Arnt Like protein 1), discovered by Ikeda and Nomura
(1997), is also called MOP3 (Hogenesch et al., 1998). It is included in the same transcription
factor family as CLOCK. Knock-Out (KO) mice for Bmall are arrhythmic in DD but
rhythmicity in LD is hardly disturbed (Bunger et al., 2000) (Fig. 6B). In addition, in Bmall
KO mice, Perl and 2 expressions are arrthythmic and low (Bunger ef al., 2000) providing a
strong argument for a major role of Bmall in the positive loop. The expression of Bmall is
rhythmic and the peak of mRNA level appears at CT 15-18 in opposite phase with that of Per
genes (Honma et al., 1998a; Oishi ef al., 1998) (Table 1). The protein levels peak at the end of
the subjective night (Maywood et al., 2003). BMALI dimerizes with CLOCK to increase the
expression of genes with E-Box (an enhancer element located in the promoter of the gene),
such as Per (Gekakis et al., 1998), Cry (Kume et al., 1999), Dec (Hamaguchi et al., 2004;
Kawamoto et al., 2004), Rev-erba (Preitner et al., 2002) and ccg (Fig. 8).

Recently, Sato et al. (2004) showed that RORa, a retinoid-related orphan receptor,
activates the expression of Bmall through its binding to the RORE (Retinoid-related Orphan
Response Element) sequence located in the Bmall promoter. KO mutant mice for Rora

showed perturbations of the locomotor activity rhythm and a decrease of Bmall expression
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(Sato et al., 2004), demonstrating thus the positive effect of RORa on the expression of
Bmall (Fig. 6C). The mRNA levels of Rora were expressed with a circadian rhythm having a
peak around CT 8-12 (Ueda et al., 2002) (Table 1). It is very likely that the CLOCK-BMAL1
dimmer has a direct effect on Rora expression and that Rora is preceded by an E-Box,

despite the fact that it has not been clearly demonstrated (Fig. 8).

I1.3.1.2. The negative loop

This loop is composed of three families of transcription factors: PER (with PER1, PER2
and PER3), CRY (with CRY1 and CRY2) and DEC (DEC1 and DEC2).

PER (for Period) proteins have a PAS domain, but no bHLH domain contrary to
CLOCK and BMALIL. Moreover, it has a NLS (Nuclear Localization Signal) (Vielhaber et
al., 2000) and a CLD (Cytoplasmic Localization Domain).

Perl, also initially called Rigui, has a circadian rhythm of mRNA expression in DD in
mice (Sun et al., 1997; Tei et al., 1997), rats (Yan ef al., 1999) and hamsters (Messager ef al.,
1999) with a peak between CT 4 and 8. It seems to be mostly expressed in VP-ir cells of the
dmSCN (Dardente et al., 2002). PER1 is also produced in SCN with a circadian rhythm with
a maximum at CT 10-16 (Hastings et al., 1999) (Table 1). Diverse phenotypes for locomotor
activity have been described for the KO mice (Per! -/-) (Fig. 6D). For Cermakian et al.
(2001) and Zheng et al. (2001), the KO mice still have a locomotor activity rhythm in DD, but
1T is shorter and less stable than for wild-type mice. On the opposite, the team of Bae et al.
(2001) showed that KO mice for Per/ remain rhythmic only for several days in DD, and then
become arrhythmic.

The gene Per2 was discovered by sequence homology with Per/ (Shearman et al.,
1997) and expresses a circadian rhythm of mRNA levels in mice (Takumi ef al., 1998), rats
(Yan et al., 1999) and hamsters (Maywood et al., 1999) with a peak at CT 8-12. As Perl,
Per2 mRNA is mostly expressed in VP-ir cells of the dmSCN (Dardente et al., 2002). The
expression of PER2 takes place between CT 10 and 16 (Field et al., 2000) (Table 1). KO Per2
mutant mice placed in DD displayed first a shorter T and then became arrhythmic (Bae et al.,
2001) (Fig. 6E).

Per3, also discovered by sequence homology with Per! (Zylka et al., 1998), expresses a
rhythm of mRNA levels in DD in mice (Zylka et al., 1998) and hamsters (Horikawa ef al.,
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Gene mRNA Protein
Profile Time of peak Profile Time of peak
Clock Constant - Constant -
Bmall Rhythmic CT 15-18 Rhythmic CT 0-8
Rora Rhythmic CT 8-12 n.d. -
Perl Rhythmic CT 4-8 Rhythmic CT 10-16
Per?2 Rhythmic CT 8-12 Rhythmic CT 10-16
Per3 Rhythmic CT 6-9 Rhythmic CT 10
Cryl Rhythmic CT 8-12 Rhythmic CT 12-16
Cry2 | Rhythmic ornot | (CT 8-12)° Rhythmic CT 12-16
Decl Rhythmic CT 6-12 n.d. -
Dec? Rhythmic CT 8-14 n.d. -
Rev-erbo Rhythmic CT 2-6 n.d. -
Ckle Constant - n.d. -

n.d.: not determined

Table 1. Summary of clock genes expression pattern in the SCN
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2000) with a peak at CT 6-9 as well as a circadian rhythm of protein levels 4 hours after
(CT 10) (Field et al., 2000) (Table 1). The KO mutation of Per3 induces a t shortening of
about 30 min (Shearman et al., 2000a) (Fig. 6F).

Thus, the expression of PER proteins oscillates in DD in SCN in an opposite phase with
BMALI, reinforcing the model of positive and negative regulation loops. Double mutant mice
for the Per genes have been made in order to investigate a potential redundancy between these
three genes. The phenotype of the double KO mutant Per/-2 that became immediately
arrhythmic in DD (Zheng et al., 2001) is more severe than that of the KO mutant Per/-3 or
Per2-3 (Bae et al., 2001) (Fig. 7A). This result provides a strong argument in favor of a
redundancy of the gene Per3, but not of Perl and 2.

CRY (Cryptochrome) proteins, first identified in plants, are flavoproteins (that mediate
repairment of DNA) lacking detectable photolyase activity (Cashmore et al., 1999). Cryl is
rhythmically expressed in DD with a peak of mRNA level at the day-night transition
(Miyamoto and Sancar, 1999). For Cry2 the data are less clear. mRNA levels may be constant
(Kume et al., 1999) or rhythmic with a peak at the day-night transition (Okamura ef al.,1999).
The expression of CRY1 and CRY2 follows a circadian rhythm and is maximal at the
beginning of the subjective night (Kume et al., 1999) (Table 1). In comparison with the
wild-type mice, KO Cryl mutant mice and Cry2 mutant mice continue to have a rhythmic
locomotor activity rhythm in DD (Thresher et al., 1998; van der Horst ef al., 1999). On the
contrary, double KO mutant for Cry/-2 are arrhythmic in DD (van der Horst ef al., 1999),
demonstrating a redundant function of these two genes (Fig. 7B). Moreover, this double KO
led to a constant high expression of Per/ and 2 (Okamura ef al., 1999), clearly implicating
Cry I and 2 in the negative regulation loop.

All PER and CRY proteins can interact with each other to form heterodimers that
inhibit the positive effect of CLOCK-BMALI1 on the expression of genes with E-box (Griffin
et al., 1999; Kume et al., 1999) (Fig. 8). PER-CRY dimmers seem to inhibit the effect of
CLOCK-BMALI1 by direct binding, preventing CLOCK-BMALI1 to interact with DNA
(Kume et al., 1999; Shearman et al., 2000b). The translocation of PER to the nucleus needs
the presence of CRY as well as post-translational modifications, such as phosphorylation (Lee
et al., 2001). Moreover, the dimerization of PER and CRY has another important effect: it

stabilizes and avoids the rapid degradation of these proteins (Lee ef al., 2001).
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DEC (Differentially expressed in chondrocytes) proteins (DEC1 and 2), discovered
by Honma et al. (2002), encode bHLH transcription factors. However, they do not have a
PAS domain. Indeed, they can bind to the same DNA sequences, such as CLOCK-BMALI,
but cannot activate transcription. Thus, it seems likely that DEC1 and 2 could be competitive
inhibitors of CLOCK-BMALI. In addition, DECs can bind BMALI and therefore prevent the
formation of the CLOCK-BMALI1 (Honma et al., 2002) (Fig. 8). Both genes showed a
circadian rhythm with a peak during the subjective day (CT 6-12 for Dec/ mRNA and
CT 8-14 for Dec2 mRNA) (Honma et al., 2002) (Table 1).

I1.3.1.3. The Rev-erba loop

This loop contains an orphan nuclear receptor: REV-ERBa. This protein is also a
transcription factor which acts on RORE sequences of Bmall and inhibits its expression the
(Preitner et al., 2002). Indeed, REV-ERBa is in competition with RORa for the regulation of
expression of Bmall (Fig. 8).

KO Rev-erba mutant mice placed in DD, still displayed a rhythmicity of the locomotor
activity in comparison with wild-type mice (Fig. 7C), but no more rhythmicity of the
expression of Bmall. In fact, the expression of Bmall was, in these conditions, high and
constant (Preitner et al., 2002) providing evidence that REV-ERBa is implicated in a negative
regulation loop.

The mRNA levels of Rev-erba show a rhythmic expression with a maximum at CT 4

(Onishi et al., 2002) (Table 1).

I1.3.1.4. Post-translational mechanisms

The most studied post-translational mechanism is phosphorylation.

CKIg is specially important for phosphorylation mechanisms. It can phosphorylate
PER1, PER2 (Lowrey et al., 2000), CRY1, CRY2 and BMALI (Lee ef al, 2001). In the
hamster, spontaneous mutants for this enzyme, named tau mutants, show a shortening of the
endogenous period (20 h mean period for the homozygote mutants and 22 h mean period for
the heterozygote mutants) (Fig. 7D) (Ralph and Menaker, 1988). Furthermore, the

phosphorylation efficiency is lower in these mutants (Lowrey et al., 2000).
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Caseine kinase I 0 is another kinase implicated in phosphorylation mechanisms in the master
clock. This homolog of CKle can phosphorylate in vitro PER1, PER2 and PER3 (Akashi et
al., 2002). Moreover, the mitogen-activated protein kinase (MAP Kkinase) can also
phosphorylate BMALL in vitro (Sanada et al., 2002).

The phosphorylation of CLOCK and BMALI is important for their translocation in the
nucleus (Lee et al., 2001) and their transcriptional activity (Eide et al., 2002; Sanada et al.,
2002). Apparently, phosphorylated CLOCK-BMALI1 dimmer is continuously fixed on the
E-box of Perl promoter (Lee et al., 2001). The phosphorylation of PER proteins induces their
ubiquitinilation and degradation by proteasomes (Yagita ef al., 2002). Moreover, it has been
shown that the phosphorylation of PERI by CKle leads to its cytoplasmic retention
(Vielhaber et al., 2000). In contrast to PER1, CRY proteins bind, stabilize and avoid the
degradation of PER2 (Lee ef al., 2001). PER proteins are a link between CRY proteins and
CKlIe/CKIS in order to form the multimer CRY-PER-CKI and to induce the phosphorylation
of CRY proteins (Akashi et al., 2002; Eide et al., 2002). Subsequently, this multimer is
translocated in the nucleus in order to inhibit the transcription induced by CLOCK-BMAL1
(Lee et al., 2001).

I1.3.2. Cellular basis of the circadian rhythmicity: Mechanisms of
cellular synchronization

Each SCN neuron is a pacemaker. However, the question of the genesis of the circadian
message, based on cellular rhythmicity, remains open.

The coupling of SCN neurons seems essential, since the locomotor activity rhythm
period reflects the mean of all electrical activity periods of the SCN neurons (Liu ef al., 1997).
In this study, authors have recorded electrical activity rhythm of single SCN neurons of tau
homozygotes and heterozygotes mutant hamster and demonstrated that the period in the
whole animal was the mean of periods of all cells. Similar results were obtained in Clock
mutant mice (Herzog et al, 1998). Moreover, these authors showed that dispersion of
endogenous period is reduced when interconnection between neurons increases. This has been
confirmed by the fact that SCN cell explants that conserve tissue integrity tend to have the
same phase (identical electrical activity periods) whereas dissociated SCN cells have a larger
dispersion of period activities (Herzog et al., 1998). Nevertheless, the mechanisms of cellular

synchronization are still unclear.
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The most classical coupling mechanism between neurons is the synapse. Indeed, an
application of TTX on a couple of SCN neurons for several days can desynchronize their
previous synchronized electrical activities, demonstrating the importance of action potentials
(Honma et al., 2000). This result was further corroborated by Yamaguchi et al. in 2003. These
authors used SCN slice cultures from neonatal transgenic mice carrying the Per/-promoter-
driven luciferase reporter gene, in order to follow the rhythmic expression of Per/ as a marker
of the neurons circadian rhythm. They showed that an application of TTX on these
organotypic SCN cultures broke harmonized expression of the luciferase rhythm. This study
demonstrates that Na'-dependent action potentials are needed for establishing the
synchronized program of clock gene expression between cells.

It is not clear which neurotransmitter(s) could convey the rhythmic information from
cell to cell. Nevertheless, different reports give arguments towards an implication of GABA
in this synchronization. /n vitro administration of GABA on SCN cells induced an inhibition
of the SCN electrical activity (Nishino and Koizumi, 1977; Liou and Albers, 1990).
Moreover, GABA could have a differential action on the SCN neurons depending on the time
of day, because GABA stimulated SCN cells during the day and inhibited them during the
night (Wagner et al., 1997). In addition, GABA induced a modification of electrical activity
rhythm on dissociated SCN cells similar to that induced by light on locomotor activity (Liu
and Reppert, 2000). These authors further demonstrated that SCN neurons having out of
phase electrical activities could be resynchronized by an application of GABA, via the
GABA, receptor. Furthermore, in cultured rat suprachiasmatic neurons, two neurons which
presented the same electrical activity rhythm were found to be in fact connected by
GABAergic synapses (Shirakawa et al., 2000).

Another type of communication between neurons could mediate SCN neurons coupling:
there are gap-junctions. Some authors have shown the presence of connexons between
neurons (Shinohara et al., 2000) whereas other authors have shown connexons only between
astrocytes (Welsh and Reppert, 1996). Thus, glia could be involved in the mechanisms of
cells coupling. Indeed, circadian variation of the astrocytes processes length has been
described with a maximal extension during the day (Lavialle and Serviere, 1993). Moreover,
astrocytes formed a lot of contacts with SCN neurons (Tamada et al., 1998). Glial processes
are denser in the vISCN and make contacts with neurons containing VIP. In the dmSCN, VP
cells are partially included in glial processes. Actually, it has been suggested that astrocytes

could be involved in the regulation of extracellular concentration of K" and Ca*" (van den Pol
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et al., 1992) and the release of neurotransmitters in the extracellular space (Barbour ef al.,
1989). Moreover, astrocytes can release different diffusible factors, like NO (Nitric Oxide) or
arachidonic acid, that can influence neurons activity. For example, arachidonic acid decreases
glutamate reuptake from extracellular space (Barbour et al., 1989). To summarize, interaction
between neurons and glia cells in SCN seems to be very important for cells coupling (Prosser
et al., 1994a).

Another important aspect of the cellular synchronization is the heterogeneity of the
SCN. Indeed, one quarter of the SCN cells do not show circadian oscillation of electrical
activity (Honma et al., 1998b). According to Nakamura et al. (2001), the dmSCN contains a
higher percentage of neurons having an endogenous rhythmicity, compared to the VISCN.
Moreover, the study of Yamaguchi et al. (2003), using SCN slice cultures from neonatal
transgenic mice carrying the Perl-promoter-driven luciferase reporter gene, gives more
arguments for the idea that the SCN is in fact a heterogenous cellular assemblage of
autonomous cellular oscillators acting in concert. Indeed, over the course of the daily cycle,
the luminescence signal first appears in the dmSCN and then spreads out to the central and
then to the ventral part of the SCN. Shinohara et al. proposed in 1995 that the SCN are
composed of two distinct oscillators. These two oscillators would control VP and VIP release
which are in opposite phase. They demonstrated that the phase relationship between the
release of these two neuropeptides was stable until the application of an antimitotic product
that reduces glia cells number. Thus, glia seems to keep these two oscillators synchronized.
Other results on clock genes are consistent with the idea that the SCN is a heterogenous
structure. Rhythmic expression of Per/ and Per2 is only detected in the dmSCN whereas in
VISCN Perl and Per2 expression is almost constant (Yan et al, 1999). Colocalization
experiments have shown that rhythmic expression of Per!/ and Per2 are mainly localized in
the VP neurons (Dardente et al., 2002). These results led to the idea that only the dmSCN,
and in particular VP neurons, contains real pacemakers and that the vISCN, and more
precisely VIP neurons, is not so essential for rhythm generation. Furthermore, it seems that
the building of the circadian message is even more complicated. Indeed, Vipr2-/- mice
carrying a mutation for the VIP receptor (VPAC,) gene show an arrhythmicity of the
locomotor activity (Harmar et al., 2002). This arrhythmicity is due to a desynchrony of the
SCN neurons which are pacemakers and to a loss of rhythm of the other SCN neurons. This
was demonstrated by the recording of the electrical activity rhythm in SCN slices in KO mice

for VIP gene (Vip-/-) and for VPAC,; gene (Vipr2-/-) (Aton et al., 2005). VIP seems to be an

52



essential neuropeptide of the SCN, involved in the rhythm generation as well as in the SCN

neurons synchronization.

Thus, the SCN contains the master clock and is a specific and heterogeneous brain
structure. Most of its neurons are pacemakers that generate a circadian rhythm based
on molecular mechanisms. However, the global rhythm of the SCN is the result of

intercellular synchronizations that are likely mediate by neuropeptides and/or GABA.

II1. Entrainment of circadian rhythms

The SCN is able to generate an endogenous rhythmicity with a period near 24 h.
However, in order to be in phase with the environment, the SCN has to be synchronized by
external factors named Zeitgebers. I will only describe the mechanisms of daily
synchronization. The mechanisms of seasonal synchronization will not be discussed here. The
most important Zeitgeber is the light-dark (LD) cycle (For review: Morin, 1994). But, the
photic factor is not the only Zeitgeber able to entrain the clock. Other synchronizers, named
non-photic factors, like forced locomotor activity, restricted feeding or the application of
drugs, can entrain circadian rhythms (For review: Challet and Pévet, 2003). Zeitgebers can
change the phase of the circadian rhythms, but also their period. Nevertheless, the rhythmic
and synchronized message generated by the SCN has to be distributed to the rest of the body

in order to entrain all physiological functions of the body.
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I11.1. The daily entrainment of the SCN

The SCN receives environmental information through different afferences. In this
chapter, I will first detail the different afferences of the SCN, conveying the information of
these external factors (Fig. 9). Then, I will explain the mechanisms of entrainment discovered

until now.
II1.1.1. Afferences of the SCN

Neuronal projections from other regions of the central nervous system to the SCN are
restricted mainly to its ventral portion, the VISCN and more precisely to VIP neuronal
elements. Thus, the different regions of the SCN seem also to have different functions, the

VvISCN being an important SCN region for entrainment.
II1.1.1.1. The retinohypothalamic tract (RHT): the main photic afference

The most important time cue is light, which is transmitted to the brain by retinal
afferences (Moore and Lenn, 1972; Fig. 9 + 10). The transport of this information to the SCN
begins in the retina since an ocular enucleation abolishes photic entrainment (Foster et al.,
1993).

Rods and cones seem not to be critical for SCN entrainment by light. Indeed, mice
mutant for both rods and cones (rodless + coneless) were still entrained, for example, their
locomotor activity thythm still showed circadian responses to light (Freedman et al., 1999).
Moreover, it has been demonstrated that a little subpopulation of retinal ganglion cells is
sensitive to light (Berson et al., 2002). These cells that also set up the beginning of the RHT,
contain an opsin-based photopigment named melanopsin (Gooley et al., 2001; Hattar et al.,
2002). Its absorption characteristics are consistent with the light wavelength, ranging from
480-511 nm (blue light) that is the most effective for entrainment (Thapan et al., 2001; Hattar
et al, 2002). Moreover, ganglion cells that synthesize melanopsin are intact in
rodless/coneless mice (Semo et al., 2003). However, KO mutations for melanopsin did not
block the light entrainment of the master clock, although circadian responses to light

decreased in amplitude (Ruby et al., 2002). Nevertheless, the triple KO mutation for
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Figure 10. The RHT and the GHT: two afferences of the SCN.

Transverse rat SCN slices. Anterograde tracer injected in the retina visualizes the RHT. NPY
immunocytochemistry enables GHT visualization (Modified from Moore et al., 2002). Scale
bar = 100 um.

melanopsin and for two important elements of the transduction cascade of rods and cones
induced the loss of circadian rhythms entrainment (Hattar ez al., 2003). Thus, it seems likely
that the rods, the cones and the ganglion cells of the retina are partially redundant in
terms of entrainment.

The RHT originates in a little subpopulation of retinal ganglion cells that synthesize
melanopsin (Moore ef al., 1995) and constitutes only a small percentage (0.1%) of the optic
nerve fibers (Provencio et al., 1998). The integrity of the RHT is necessary for entrainment
but not for generation of rhythms. Indeed, KO mice for math5 (necessary for retina
development), that lack an intact RHT, still showed circadian rhythms (Wee et al., 2002).

Moreover, it is important to precise that the RHT convey only “circadian vision”, since
a selective lesion of the RHT fibers leads to the loss of entrainment, but not of vision
(Johnson et al., 1998a). Axons of the retinal ganglion cells directly project to VIP neuronal
elements, demonstrated by double-labeling immunocytochemistry (Ibata et al., 1989; Tanaka
et al., 1993). Fibers of the RHT also project to different structures of the hypothalamus and
the thalamus (Johnson ef al., 1998b). Moreover, the RHT projects to an important structure of
the thalamus, known to be part of the circadian system, the intergeniculate leaflets (IGL)

(see chapter ”II1.1.1.2. The geniculohypothalamic tract (GHT)”). In the rat, some RHT fibers
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also project to the dorsal raphe nucleus (DRN) (Kawano et al., 1996; see chapter “IV. The

serotonergic system”).

Another question concerns the neurotransmitters used by the RHT. One of the RHT
neurotransmitter, excitatory in nature, is glutamate (Castel et al., 1993). Glutamate increases
the electrical activity of SCN neurons and thus exerts the same effects as stimulation of the
optic nerve or as photic stimulation of the eyes (Meijer ef al., 1993). Moreover, the RHT
contains a neuropeptide, PACAP (Pituitary Adenylate Cyclase-Activating Peptide) that seems
to be important in entrainment mechanisms (Hannibal et al., 1998; Harrington et al., 1999;
Hannibal et al., 2000). Substance P (SP) was proposed to be another neuropeptide of the
RHT since enuclation reduced sensity of SP fibers in the SCN (Takatsuji et al., 1991).
Actually, its application in vitro modified the phase of the electrical activity rhythm of the
SCN (Shibata et al., 1994) and in vivo injections changed the phase of the locomotor activity
rhythm (Challet et al., 1998a).

I11.1.1.2. The geniculohypothalamic tract (GHT)

The second major afference to the SCN originates in the IGL of the thalamus (Fig. 9;
Moore and Card, 1994). This structure is a thin nucleus located between the dorsal and ventral
parts of the lateral geniculate nucleus. It can be divided in three parts (Fig. 11):

e A rostral part, that forms a triangle
¢ A medial part, that forms a leaflet
e A caudal part, that continues more medially and ventrally

The IGL is characterized by immunoreactivity (ir) to neuropeptide Y (NPY), GABA
and enkephaline (ENK). NPY and ENK neurons seem to be colocalized in 50% of all IGL
cells. GABA is synthesized in almost all IGL neurons (Moore and Speh, 1993). Thus, IGL
cells that synthesize NPY and ENK, also contain GABA.

IGL receives a direct projection from the retina. In the hamster, some of the axons of
retinal ganglionic cells bifurcate and project to both the SCN and IGL (Pickard, 1985).
Moreover, other important afferences to the IGL are coming from the controlateral IGL
(Mikkelsen, 1992) and the DRN (Meyer-Bernstein and Morin, 1996). Additional projections
are coming from visual centers, like the pretectum (Morin and Blanchard, 1998), from

hypothalamic nucleus, for example retrochiasmatic area (Card and Moore, 1989) or from
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Figure 11. Different subdivisions of IGL (in gray): rostral, medial and caudal

limbic structures, like prefrontal cortex (Morin and Blanchard, 1999).

The major efference from the IGL reaches the SCN. This projection is named the
geniculohypothalamic tract (GHT). The fibers that compose this tract are characterized by
GABA/NPY-ir (Moore and Card, 1994). These NPY fibers make synapses on the VIP
neurons of the SCN (Hisano et al., 1988; Francois-Bellan and Bosler, 1992). However, in the
hamster, all CalB cells also have synaptic contacts with NPY-ir fibers from the GHT
(LeSauter et al., 2002). The IGL, by its projections via the GHT, provides therefore a

secondary indirect visual input to the SCN.

II1.1.1.3. The serotonergic tract

This SCN input (Fig. 9) will be described in the chapter “VI.1. The serotonergic system

in the central nervous system”.
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II1.1.1.4. Other afferences of the SCN

SCN receives a lot of additional afferences that are less dense but could play a role in
entrainment. For example, projections from the thalamic paraventricular nucleus innervate
the vISCN as well as the dmSCN. This structure is activated by different stimuli like stress
(Chastrette et al., 1991) or pain (Senba et al., 1993).

SCN receives a lot of hypothalamic projections, e.g. from the subparaventricular zone,
the dorsomedial nucleus, the lateral hypothalamic area, the paraventricular nucleus, the
posterior paraventricular nucleus, the ventromedial nucleus and the arcuate nucleus (Moga
and Moore, 1997). These projections, essentially to the dmSCN, are not very dense and their
role is still unclear.

Since cholinoceptors have been described in the SCN (van der Zee et al., 1991), it is
assumed that acetylcholine also exerts an influence on the SCN. Direct contacts between
cholinergic afferences and SCN neurons have been revealed (Kiss and Halasz, 1996). This
input seems to modulate the photic entrainment of the SCN (Erhardt ez al., 2004).

Two limbic structures, the lateral septum nucleus and the ventral subiculum as well as
the infralimbic cortex, also project to the SCN. It has been proposed that the infralimbic
cortex, receiving input from the olfactory areas, could play a role in the transmission of

olfactory stimuli to the SCN.

I11.1.2. Mechanisms of entrainment

Two types of environmental factors mediate daily entrainment of the SCN: photic
factors, the most powerful, and non-photic factors that comprise all factors that are not
photic. Moreover, the daily phase adjustment of the circadian clock implicates also multiple

interactions between photic and non-photic cues.

II1.1.2.1. Photic entrainment of the SCN

Physiological level

Light applied to an animal in constant conditions is able to phase shift rhythms, such as

the locomotor activity rhythm in running wheel, plasma hormonal rhythms or global electrical
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activity thythm of SCN neurons. This phase shift can be a phase advance (the onset of
activity thythm will occur earlier the next days) or a phase delay (the onset of activity will
occur later the next day). The amplitude and direction of these phase shifts depend on the
circadian time. For example, in DD, a light pulse (LP) applied at the beginning of the
subjective night (or active phase in nocturnal species) will induce a phase delay, whereas a LP
applied at the end of the subjective night will induce a phase advance of the wheel-running
activity rthythm the next day (Fig. 12). Furthermore, no phase shift of the locomotor activity
rhythm will be observed after the application of a LP during most of the subjective day (or
resting phase in nocturnal species). Thus, it is possible to draw up a graph representing the
responses to light according to the CTs. This representation is named phase response curve
(PRC) (Fig. 12). In natural conditions, animals are entrained to LD cycles, using these shifting
effects. For example, if the endogenous period is shorter than 24 h, the locomotor activity
rhythm will begin earlier every day and light, still present at the beginning of the active phase,
will then induce a phase delay. But if the endogenous period is longer than 24 h, the

Advance

Delay o c

1
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Figure 12. Phase response curve of the locomotor activity rhythm of a hamster. Light pulses
(represented by black squares) induce phase advance or delay depending on the circadian

time (modified from Serviéere and Lavialle, 1996a).
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locomotor activity rhythm will be later every day and light, present at the end of the active

phase, will then induce a phase advance.
Cellular level
Cellular mechanisms of photic stimulation are well studied (Fig. 13). Indeed, the

stimulation of the retina by light, induces a subsequent release of neurotransmitters and

neuropeptides from the RHT terminals in the vVISCN.
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Figure 13. Cellular and molecular mechanisms of entrainment. RHT terminals release
glutamate that link to the NMDA receptors. Subsequent cAMP and/or NO pathways are
activated, leading to CREB phosphorylation and to c-fos and Per1 transcription.
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Glutamate seems to act on the SCN neurons essentially through N-methyl-D-
aspartate (NMDA) receptors (Colwell et al., 1990). Treatment with MK-801, an antagonist
of the NMDA receptors, before a light pulse, strongly decreased the effect of light on the SCN
(Vuillez et al., 1998). NMDA receptors activation resulted in a calcium influx in the
SCNneurons (Tominaga et al., 1994), leading to the synthesis of Nitric Oxide (NO) by the
NO Synthase (NOS) (Ding et al, 1994). After the synthesis of NO, two divergent
mechanisms have been demonstrated, depending on the circadian phase. At the beginning of
the night (when light induces phase delays), it seems likely that NO induces the activation of
ryanodine receptors leading to the release of intracellular calcium (Ca®") (Ding ef al., 1998).
At the end of the night (when light induces phase advances), the synthesis of NO induces the
activation of another pathway, implicating guanylate cyclase (GC) and cyclic guanosine
monophosphate (¢cGMP) (Ding et al, 1994, 1998). Actually, cGMP can induce phase
advances of wheel-running rhythms in hamsters (Prosser et al., 1989). Moreover, light- or
glutamate-induced phase advances, but not delays, were blocked by inhibition of
cGMP-dependant protein kinase (Mathur et al., 1996). Nevertheless, during the whole night, a
light pulse resulted also in the activation of the cyclic adenosine monophosphate (cAMP)
pathway, also involving the protein kinase A (PKA) or the pathway of the guanylate
triphosphatases (GTPases) (member of the Ras family) (Takahashi et al., 2003). These
activations give rise to cAMP response element binding protein (CREB) phosphorylation
through the activation of different kinases like ERK (Extracellular signal-regulated protein
kinases). CREB phosphorylation induces the expression of immediate early genes (IEGs),
in particular c-fos. IEGs belong to a gene family whose expression is briefly induced by a
cellular stimulation. Indeed, CREB phosphorylation slightly precedes c-fos mRNA induction
(Ginty et al., 1993) through the binding of phospho-CREB to the c-Fos CREB-responsive
element (CRE) (Sheng and Greenberg, 1990). C-fos induction in the SCN seems to be gated
by the circadian clock, because a LP applied during the day had no effect on its expression
(Aronin et al., 1990) while a LP applied during subjective night will induce both behavioral
phase shifts and c-fos expression in the SCN (Rusak ef al., 1990). Moreover, c-fos induction
is phase dependent, meaning that c-fos expression is higher at the end of the subjective night
and lower at its beginning (Kornhauser et al, 1990). C-fos induction seems to be a
prerequisite for phase shifting by light, since the intracerebral application of antisense
oligonucleotides for c-fos and junB was shown to block light-induced phase shifts in the

wheel-running rhythm of rats (Wollnik et al., 1995). However, the increase of c-fos levels
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per se does not necessarily lead to phase shifting (Colwell et al., 1993; Edelstein et al., 2003).
Moreover, KO mutant mice for c-fos were found to be rhythmic, can be entrained by the LD
cycle and showed a PRC to light more or less similar to that of the wild-type (Honrado ef al.,
1996). Besides c-fos, the expression of several other IEGs in the SCN, such as jun-B, appears
to be induced by a light pulse. Different members of the fos and jun family form
heterodimers, the so-called AP-1 (Activator protein-1) complexes, transcription factors which
enter the nucleus in order to activate the expression of other genes, named late response
genes (Sheng et al., 1990).

Moreover, PACAP and SP, which colocalize with glutamate in the RHT terminals,
could play a modulatory role in entrainment (Hannibal ef al., 1997; Kim et al., 2001). The
PRC obtained after in-vivo injections of PACAP and SP, are similar to that obtained after LP
stimulations (Piggins and Rusak, 1997; Piggins et al., 2001). The PACAP receptor subtype
involved seems to be the PAC;. Its activation induced Ca*" release from intracellular stores,
through activation of phospholipase C (PLC) as well as of cAMP pathway (Kopp et al.,
1999).

The expression of c¢-fos protein and mRNA occurs mostly in VIP neurons after light
stimulation (Daikoku et al., 1992b). It has also been proposed that PHI and GRP play a
prominent role during light-induced phase shifts. The PHI neurons seem to act during
light-induced phase delay, while the GRP and VIP neurons seem to act during light-induced
phase advance (Romijn ef al., 1996). Moreover, the contents of VIP and GRP did not show
circadian rhythms in constant darkness, but under LD conditions, GRP content increased and
VIP content decreased over the light period. These contents then gradually recovered during
the dark period (Shinohara et al., 1993). The application of VIP and Ro 25-1553, a VPAC,
receptor (VIP/PACAP receptor 2) agonist on SCN neurons in vitro induced a PRC similar to
light (Reed et al., 2001). In addition, in KO mutant mice for VPAC,, light failed to entrain the
locomotor activity rhythm (Harmar ef al., 2002). Thus, VIP and the VPAC, receptor seem to
have an important role in photic entrainment.

Recent discovery involves a cell adhesion molecule, Polysialic Acid (PSA)- Neural
Cell Adhesion Molecule (NCAM) in the effects of light on the SCN. KO mutant mice for
PSA-NCAM presented impairment in the locomotor activity rhythm (Shen et al., 1997).
Moreover, a strong polysialylation was observed after a light stimulation (Glass et al., 2003)

and pretreating SCN slices with endoneuraminidase which selectively removes PSA from
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NCAM, abolished glutamate- and optic chiasm stimulation-induced phase delays of the SCN
circadian neuronal activity rhythm (Prosser et al., 2003).

Being another target of the retinal ganglion cells, the IGL could also play a role in
photic entrainment. First, IGL is involved in entrainment of locomotor activity in response to
1 h LP given at dawn and dusk. Under this lighting schedule, named skeleton photoperiod,
rats with IGL lesions were unable to be entrained and exhibited a locomotor rhythm that
seems to free-run (Edelstein and Amir, 1999). Moreover in this structure, light pulses
occurring during the subjective day as well as the subjective night elevated the level of c-fos
mRNA and protein. Moreover, it has been shown that neurons with c-fos mRNA and c-Fos
protein in the IGL project to the SCN (Peters ef al., 1996). In addition, IGL cells in the
hamster displayed changes in the firing rate depending upon light intensity (Harrington and
Rusak, 1991). In turn, IGL can convey this information to the SCN through the GHT. Indeed,
a circadian variation has been reported for levels of NPY in the vISCN under LD condition,
with two peaks corresponding to the L-to-D and D-to-L transitions (Calza et al., 1990). Under
DD conditions, the NPY peak around CT 12 persisted, demonstrating its circadian control
(see review: Inouye, 1996). These data have led to the hypothesis that NPY release from the
GHT terminals conveys photic information during twilight times. Moreover, application of
NPY antiserum to the SCN was able to enhance the phase advance in response to a light pulse
at CT 18 (Biello, 1995). However, besides conveying photic information to the SCN, the IGL
and GHT are also involved in conveying non-photic information (see chapter: “IIl.1.2.2.

Non-photic entrainment of the SCN”).

Molecular level

Light pulses lead to the rapid expression of three different clock genes. These genes are
Perl (Shigeyoshi et al., 1997), Per2 (Shearman et al., 1997) and Decl (Honma et al., 2002).
As the IEGs, those three clock genes are induced by light during subjective night. This
induction is correlated to behavioral phase shifts, since injection of antisens phosphotioate
oligonucleotide (ODN) Perl or Perl/Per2 mRNA in the SCN inhibited the normal phase
delay induced by light at CT 16 (Akiyama et al., 1999). Antisens ODN Perl mRNA also
blocked phase shifts induced by glutamate on SCN slices in vitro (Tischkau et al., 2003).
Moreover, there is a strong correlation between the amplitude of expression of Per/ and Per?2

after NMDA receptors activation and phase shifts amplitude (Moriya ef al., 2000).
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There are however differences between light induction of Perl and Per2. Induction of
Perl seems to implicate the phosphorylation of CREB on serine 142. This is not the case for
Per?2 expression. Indeed, Per2 expression induced by light was not disturbed by the loss of
CREB phosphorylation on serine 142 (Gau et al., 2002). In addition, the sensibility phases to
light of these two clock genes are different:

e Perlis induced by a LP at the beginning as well as the end of the subjective
night. However, contrary to c-fos, there is no difference in expression level
depending on the CT of the stimulation during the night (Shigeyoshi et al.,
1997; Honma et al., 2002).

e Per2 is induced only when light occurs at the beginning of the subjective
night (Albrecht et al., 1997), and seems to be implicated only in the phase
delays induced by light.

This was confirmed by a study with KO mutant mice for Per/ and for Per2. KO mutant

mice for Perl only showed disturbance of the light-induced phase advance whereas KO
mutant mice for Per2 only showed disturbance of the light-induced phase delay (Albrecht et
al.,2001).
Moreover, the region of the SCN as well as the phenotype of the cells that expressed Perl
and/or Per2 after a LP are different (Dardente et al., 2002). Perl induction was clearly
restricted to the vISCN and seems to be localized in the GRP neurons of the SCN. Per2
expression is much broader, occurring also in VP cells. The apparent differential regulation of
these two clock genes suggests that they have distinct regulatory elements and that they serve
different functions within the SCN.

As mentioned before, Dec! is another clock gene induced by light during the night. The
temporal pattern of photic induction is similar to that of Per/, albeit with a lower amplitude.

BMALTI could also play a role in the light-induced phase shifting effects. BMAL1 was
quickly degraded after a light pulse or after an application of glutamate on SCN slices in vitro
(Tamaru et al., 2000). This degradation was phase dependent: absent at CT 6, when Per/ and
2 are not induced by light, and high at CT 15 and CT 21, when Perl/Per2 and Perl,
respectively, are strongly induced by light exposure. These results however, were not
confirmed by von Gall et al., 2003.

Cry2 expression seems also to be sensitive to photic stimuli. Okamura et al. (1999)
noticed that light can decrease the levels of Cry2 in the SCN of mice exposed to light at the
end of the subjective night.
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The light-induced expression of clock genes in the SCN is not homogenous. In the early
night, a LP leads to increased levels of Per/ mRNA (Yan ef al., 1999) and proteins (Hastings
et al., 1999) in the vISCN and more precisely in the VIP and GRP neurons in the rat
(Dardente et al., 2002). At this time, light-induced expression of Per2 was widely distributed
in the SCN, in VIP/GRP cells as well as in VP cells (Dardente et al., 2002). In the late night, a
LP did not activate Per2 expression, but produced an increase of Per/ mRNA levels in both

ventrolateral and dorsomedial parts of the SCN of mice (Yan and Silver, 2002).

I11.1.2.2. Non-photic entrainment of the SCN

The effects of non-photic factors on circadian rhythms are different from those induced
by photic factors. They generally entrain the master clock during the subjective day and
induce phase advances of circadian rhythms (Fig 14). The non-photic factors comprise a lot
of different stimuli, like behavioral arousal, restricted feeding or treatment with chronobiotic

drugs.

Physiological level

Behavioral cues

Arousal or induced physical activity is the most studied non-photic factor. An
increase of the activity level of a nocturnal animal during its inactive period results in large
phase advances, while small phase delays are obtained after behavioral activation in late
subjective night. A common procedure is to place a hamster in a novel clean wheel (Wickland
and Turek, 1991). This usually makes the animal run (i.e., so-called novelty-induced
activity) and the SCN clock is phase shifted. Amplitude of the phase advance of the circadian
rhythm induced by this non-photic factor is correlated to the level of locomotor activity
(Reebs and Mrosovsky, 1989). Forced treadmill running and confinement to running wheel
during the resting period also produced phase advances in mice, but of lower amplitude than
those observed in Syrian hamsters (Marchant and Mistlberger, 1996). Besides
novelty-induced wheel running, other stimuli that induce transient hyperactivity and arousal
during the usual resting period can also produce phase advances. These factors include

triazolam and benzodiazepine injection in Syrian hamster (Van Reeth and Turek, 1989;
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Figure 14. Photic and non-photic PRCs of a Syrian hamster (From Challet and Pévet, 2003).

Cutrera et al., 1994a) and morphine injection in mice (Marchant and Mistlberger, 1995).
However, other studies showed that sleep deprivation is also able to induce phase advance of
the locomotor activity rhythm, thus suggesting that arousal seems more relevant than activity
to explain the mechanisms of action of these non-photic factors (Antle and Mistlberger,

2000).

Metabolic cues

Restricted feeding is able to affect the circadian timing system. It is however necessary
to distinguish between temporally restricted feeding (i.e., supplying food for a limited daily
period) and timed caloric restriction (i.c., when only a hypocaloric diet is given each day at
the same time). Schedules of temporally restricted feeding in animals maintained in DD
usually only synchronize a bout of locomotor activity anticipating the time of feeding (named
“food-anticipatory activity”), while the other circadian components of locomotor activity
continue to free-run (Mistlberger, 1994). The food-anticipatory activity is considered to be
driven by a food-entrainable clock outside the SCN because it occurs in food-restricted
animals with SCN lesions. In contrast, a timed caloric restriction applied in DD is a potent
Zeitgeber for the SCN clock, given that it entrains circadian rhythms of locomotor activity
and body temperature in rats kept in DD (Challet et al., 1996a). Furthermore, prolonged

fasting (i.e., no food available during several days) in free-running rats induced phase shifts
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of circadian rhythms of locomotor activity and body temperature, indicating that metabolic

cues can, directly or indirectly, impact on SCN function (Challet ez al., 1997a).

Other cues

Melatonin administration at the end of the subjective day can be considered as a
non-photic factor since it can entrain circadian rhythms of nocturnal (Armstrong and Redman,
1985; Pitrosky et al, 1999) and diurnal rodents (Slotten et al., 2002). This effect is

independent of a transient increase of locomotor activity.

Cellular level

The geniculohypothalamic NPYergic pathway secems to be implicated in the
mediation of non-photic cues to the SCN, demonstrated by IGL lesion, IGL -electrical
stimulation as well as IGL neurotransmitters agonist or antagonist injections. Lesions of the
IGL impaired phase shifts resulting from novelty-induced wheel running in hamsters (Janik
and Mrosovsky, 1994), forced running on treadmills in mice (Marchant et al., 1997),
triazolam injections (Schuhler et al, 1999) and injections of chlordiazepoxide, a
benzodiazepine, in Syrian hamsters (Maywood et al., 1997). Furthermore, pretreatment with
NPY antiserum markedly attenuated phase advances induced by novelty-induced wheel
running in hamsters (Biello et al., 1994). Electrical stimulation of the GHT in hamsters
placed in DD, induced phase shifts similar to those of non-photic cues (Rusak et al., 1989).
Microinjections of NPY into the SCN region induced behavioral phase shifts similar to a
non-photic PRC (Huhman and Albers, 1994), indicating that NPY seems to convey
non-photic information to the SCN. The same pattern of phase shifting responses on neuronal
electrical activity has been obtained in isolated SCN slices in vitro after NPY administration
(Shibata and Moore, 1993).

There are few studies about the role of ENK in the transmission of non-photic
information from the IGL. Nevertheless, opioids receptors have been described in the SCN
and injection of an ENKergic agonist in the SCN of hamsters induce non-photic phase shifts
(Byku and Gannon, 2000).

Another important pathway implicated in the non-photic entrainment is the serotonergic

input to the SCN. This issue will be addressed in chapter: “IV. The serotonergic system”.

68



The afferent pathway coming from the ventromedial hypothalamic nuclei (VMH) to
the SCN (Canteras et al., 1994) has been also involved in mediating the effects of timed
caloric restriction. Such a role has been demonstrated by using chemical lesions of the VMH
in calorie-restricted rats (Challet et al., 1997b) and mice (Challet ef al., 1998b). Some of the
VMH inputs to the SCN are thought to release excitatory amino acids (Moga and Moore,
1996). In addition to direct projections to the SCN, indirect pathways from the VMH to the
relay structures could also participate in the metabolic modulation of SCN function. These
areas that receive projections from the VMH include the IGL (Vrang and Mikkelsen, 1996), a
key structure in non-photic phase shifting as noted above.

The paraventricular thalamic nuclei (PVT) are another candidate structure in
non-photic phase shifting. Indeed, the PVT send direct fibers releasing excitatory amino acids
to the SCN (Moga and Moore, 1996).

Another structure that has been shown to mediate non-photic cues to the SCN is the
pretectum projecting to both the SCN (Mikkelsen and Vrang, 1994) and the IGL (Marchant
and Morin, 1999). Electrolytic pretectal or tectal lesions impaired the phase shifting properties

of triazolam, but not those of novelty-induced running (Marchant and Morin, 1999).

Molecular level

Despite the fact that non-photic cues have no effect on the expression of IEGs, they
decrease the amplitude of Perl and Per2 expression, when applied during the subjective
day. These effects of non-photic signals on clock gene expression include in vivo paradigms
such as novelty-induced running in hamsters (Maywood ef al., 1999), intracerebroventricular
injections of NPY in mice (Maywood ef al., 2002), as well as in vitro analysis of the effects of
NPY treatment on SCN slices (Fukuhara et al., 2001) or of previous in vivo novelty-induced
running (Yannielli et al., 2002).

In contrast to non-photic cues associated with increased locomotor activity, a melatonin
injection during the late subjective day inducing a subsequent phase advance of the circadian
clock did not lead to acute changes in Perl and Per2 gene expression within the SCN (Poirel
et al., 2003). However, it induced an increase of the expression of Rev-erba in the SCN
(Agez et al., unpublished data).

In mice housed in DD, restricted feeding did not change the phase of cyclic clock

gene expression in the SCN (Damiola et al., 2000), indicating that restricted feeding does
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not have strong synchronizing properties for the master circadian clock. In contrast to
schedules of restricted feeding, a timed caloric restriction applied in DD was a potent
Zeitgeber for the SCN clock, given that oscillations of clock genes in the SCN of

caloric-restricted animals were in phase with the time of feeding (Caldelas ef al., in press).

I11.1.2.3. Interactions between photic and non-photic cues

Light exposure during the day can modify the processing of non-photic signals by the
SCN clock. Conversely, several non-photic factors have been found to modulate, to some
degree, circadian responses to LP during the night and/or the phase angle of entrainment to
the LD cycle, i.e. the phase difference between the light on and the beginning of the activity
(see review, Challet and Pévet, 2003).

Physiological level

Double-pulse experiments have been conducted in DD by firstly applying a non-photic
stimulus, either confinement to a novel wheel or triazolam injection, during the
mid-subjective day followed by a photic stimulus (Mrosovsky, 1991; Joy and Turek, 1992).
Both studies revealed that the synchronizing effects of non-photic factors could be altered
by subsequent exposure to light. Conversely, exposure to non-photic cues, like nocturnal
wheel running activity in hamsters (Ralph and Mrosovsky, 1992) or nighttime injection of
morphine in mice (Mistlberger and Holmes, 1999) during or before nocturnal exposure to
light, modulated light-induced phase advances. However, both treatments did not
significantly modify light-induced phase delays (Mistlberger and Antle, 1998; Mistlberger
and Holmes, 1999). Moreover, daytime sleep deprivation has been shown to attenuate
light-induced phase delays in both hamsters (Mistlberger et al., 1997) and mice (Challet et al.,
2001). In addition, a decrease in glucose availability can reduce photic phase resetting in mice
(Challet et al., 1999).

Other studies have strengthened the potential importance of non-photic effects in
influencing the steady-state phase of photic entrainment. In hamsters entrained to a LD
cycle, a single 3 h confinement to a new wheel during the mid-day was able to phase advance
transiently the phase angle of photic entrainment by 30 min (Janik et al., 1994). In rodents,

another non-photic procedure, namely a schedule of restricted feeding, has been shown to
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slightly affect the phase angle of photic entrainment (Mistlberger, 1991). However, the
acrophase of VP release was not phase shifted by restricted feeding schedules in rats kept
under a LD cycle (Kalsbeek et al., 1998). A more marked alteration in the phase angle of
photic entrainment was observed when rodents (excluding Syrian hamsters) were subjected to

a daytime restricted feeding coupled with calorie restriction (Challet et al., 1997c).

Cellular level

The interaction between photic and non-photic cues can occur during the night and
during the day.

Timed caloric restriction decreases the light-induced c-Fos expression occurring during
the night (Challet et al., 1997d), providing an argument for an inhibitory modulation of
non-photic stimuli on light effects. Moreover, NPY seems to play a role in the reduction of
the effect of light on the circadian system. Indeed, light-induced phase advances in hamsters
were inhibited by microinjections of NPY in the SCN region (Weber and Rea, 1997) and
enhanced by treatment with NPY antiserum (Biello, 1995). In the same way, NPY application
on SCN slices in vitro, prevented both phase advances and delays induced by glutamate
administration (Biello et al., 1997).

During the day, the phase advancing effects of NPY infusion in the SCN region of
hamsters (Biello and Mrosovsky, 1995) and mice (Maywood et al., 2002) were markedly
reduced by a subsequent LP. Moreover, combined applications of different neurotransmitters
have revealed numerous neurochemical interactions within SCN slices maintained in vitro.
Actually, application of glutamate on SCN slices, blocked SCN phase shifts to NPY (Biello et
al., 1997). In addition, while treatment with PACAP phase advanced the SCN clock,
co-application of NPY blocked this effect (Harrington and Hoque, 1997).

However, 5-HT seems also to be an important component of the interaction between

photic and non-photic factors, but will be detailed in chapter: “IV. The serotonergic system”.

Molecular level

Because non-photic cues reduce the phase shifting effect of light during the night, one
could expect that non-photic cues could also reduce the light-induced expression of Per

genes. Indeed, injection of a benzodiazepine, brotizolam, given before a LP at the end of the
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subjective night reduced light-induced expression of Perl and Per2 in hamsters (Yokota et
al., 2000). Moreover, the light-induced increase of Per/ and Per2 mRNA in the SCN during
the night was attenuated by subsequent application of NPY in vitro (Brewer et al., 2002).

Other studies have recently investigated the combined effects of light and
novelty-induced running (Maywood and Mrosovsky, 2001) as well as light and NPY
(Maywood et al., 2002) on the expression of Perl and Per2 during the daytime. Both studies
showed that subsequent light attenuates the non-photic reduction in Per expression.

Consistent with the fact that schedule of restricted feeding applied under a LD cycle do
not entrain circadian rhythms, they also do not affect the expression of clock genes in the
SCN (Damiola et al., 2000).

5-HT seems also to be implicated in the molecular mechanisms of interaction between
photic and non-photic cues, but this issue will be detailed in chapter: “IV. The serotonergic

system”.

Photic information mainly conveyed by the RHT and its neurotransmitters is the
most powerfull Zeitgeber of the SCN. The non-photic cues and their mechanisms of
entrainment are more diverse and complex. Actually, each non-photic factor acts
through several cellular and molecular mechanisms. Moreover, in natural environment,
daily entrainement involves both photic and non-photic Zeitgebers, that interact and

modulate the effects of each other.

111.2. The distribution of the circadian message

The circadian rhythm generated in the SCN is imposed on many physiological
functions, including locomotor activity, body temperature, sleep, water and food intake, but
also hormonal secretion, like melatonin or corticosterone, as well as neuropeptide release or
receptor density. The SCN seems to use at least two types of pathways in order to distribute
the rhythmic message to the brain: neuronal pathways and a pathway involving a diffusible
signal. Moreover, the SCN drives the rhythmicity of other brain regions and peripheral

organs apparently through endocrine pathways, like melatonin or corticosterone.
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[11.2.1. Neuronal pathways

The SCN neurons innervate a few brain structures, mainly hypothalamic structures.
Those pathways are, among others, involved in the control of neuroendocrine and autonomic
functions. The great majority of efferent SCN fibers remain confined within the boundaries of
the medial hypothalamus, reaching the medial preoptic area, the paraventricular nucleus
of the hypothalamus (PVN), the subparaventricular zone (sPVz) and the dorsomedial
nucleus of the hypothalamus (DMH). Outside the hypothalamus, the SCN projects to the
paraventricular nucleus of the thalamus and the IGL (Watts and Swanson, 1987; Watts et
al., 1987; Fig. 15). For the input pathways, as for the output pathways, a segregation is seen
between the vVISCN and the dmSCN. The vISCN appears to project to the lateral SPVN, while
the dmSCN projects to the medial sSPVN and the DMH (Leak et al., 1999).

Figure 15. Major SCN efferences (modified from Buijs, 1996)

BNST: Bed nucleus of the stria terminalis, DMH: Dorsomedial nucleus of the hypothalamus,
IGL: Intergeniculate leaflet, LS: Lateral septum, MPN: Medial preoptic nucleus, MPO:
Medial preoptic area, PVN: Paraventricular nucleus of the hypothalamus, PVT:
Paraventricular nucleus of the thalamus, sPVz: Subparaventricular zone, VMH.:

Ventromedial nucleus of the hypothalamus



Functional studies have to some extent confirmed a role of VP in signalling circadian
rhythm to the SCN target areas via its efferent projections. Elimination of the VPergic
neurons reached by intracerebroventricular application of a specific immunotoxin, for
instance, resulted in the disappearance of circadian drinking rhythmicity in the rat (Shimizu et
al., 1996). Moreover, several studies reported a correlation between the number of VPergic
neurons in the SCN and the strength and consistency of circadian activity rhythms. In
different rat strains and mice selected for differences in nest-building behavior, the animals
with the highest number of VPergic neurons in the SCN had the strongest unimodal activity
pattern, whereas the animals with the lowest number of VPergic neurons had the weakest
multimodal activity pattern (Bult et al., 1993; Wollnik and Bihler, 1996). However,
Brattleboro rats deficient in VP (Guitteny et al., 1989; Kim et al., 1997) do not show
perturbations of the drinking rhythm (Groblewski et al., 1981) raising the question of the VP
function. It seems more likely that VP has a modulatory role on the SCN electrical activity
(Ingram et al., 1996), by amplifying this rhythm. However, VP seems strongly involved in the
control of corticosterone release and plasma melatonin levels. Infusion of VP in the PVN and
DMH suppressed elevated levels of corticosterone in SCN-lesioned animals to reach basal
daytime values. Moreover, infusion of a VP antagonist in the same hypothalamic area induced
an increase of basal corticosterone levels in intact animals (Kalsbeek ef al., 1992). In addition,
infusions of VP increased plasma melatonin levels (Kalsbeek et al., 1993).

Projections from the SCN to the PVN are of great importance, since the PVN
coordinates neuroendocrine and autonomic mechanisms by a complex series of neural

connections to and from various hypothalamic regions (Swanson and Sawchenko,
1980). This projection is notably the first step of control pathways for melatonin and
corticosterone.

The best described of these is a multisynaptic pathway by which the SCN controls
the nocturnal synthesis and secretion of the pineal hormone melatonin. This
multisynaptic pathway consists of a GABAergic and glutamatergic projection from the SCN
to the PVN (Hermes et al., 1996; Kalsbeek et al., 1999; Perreau-Lenz et al., 2004), then
projections from the PVN to the intermediolateral column of the spinal cord, and further
connections to the pineal gland via the superior cervical ganglion.

The second best described pathways are the pathways controlling corticosterone
plasma rhythms (Buijs et al., 1998). One route of control is a direct synaptic contact of SCN

neurons on the corticotroph releasing factor-producting neurons of the PVN. This factor may
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control the rhythmic release of adrenocorticotrophic hormone from the anterior lobe of the
pituitary, that in turn leads to the rhythmic production and release of corticosterone from the
adrenal gland. Another route of control is a multisynaptic pathway via the PVN and the

intermediolateral column neurons of the spinal cord to the adrenal (Buijs et al., 1999).

I11.2.2. Distribution of the rhythmic message by a diffusible signal

The second pathway involved a diffusible signal that is rhythmically released by the
SCN and that seems to control the locomotor activity rhythm (for review see LeSauter and

Silver, 1998).

I11.2.2.1. Experimental evidences

Two experimental proofs provide strong arguments toward an implication of a
diffusible signal in the control of the locomotor activity rhythm: insulation of the SCN from
the rest of the brain and SCN graft transplantation.

SCN insulation never induced a total loss of locomotor activity rhythm and showed that
the different physiological rhythms are controlled by distinct efferences (Hakim et al., 1991).

But the demonstration of a diffusible factor was given by SCN grafts transplantation in
SCN lesioned animals. Indeed, in rats, the circadian rhythm of wheel-running activity was
restored by the graft (Sawaki et al., 1984). Moreover, rhythm restoration has also been shown
when transplants are located in the lateral ventricle or in the foramen of Monro, sites from
which appropriate neural connections with targets in the thalamus and hypothalamus are
unlikely (Aguilar-Roblero ef al., 1992, 1994). Finally, SCN transplants that were encapsulated
in a semi-permeable polymer capsule which prevents neural connections with the host brain,
were still able to restore circadian locomotor rhythms in the SCN lesioned hamsters (Silver et
al., 1996b). However, this rhythm restoration was specific for the locomotor activity.
Actually, a SCN graft was not able to restore photoperiodic responses of reproduction
(Lehman et al., 1987), oestrus cycle and LH, melatonin or corticosterone secretion rhythm
(Meyer-Bernstein ef al., 1999).

In conclusion, a diffusible signal seems to be involved in the control of the locomotor

activity rhythm. However, this signal is not sufficient to control other physiological rhythms
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like neuroendocrine rhythms that are more likely entrained by the SCN via its neuronal

projections.

I11.2.2.2. Candidates for diffusible signals

Transforming growth factor (TGFa) and the prokineticine 2 (PK2) that are
synthesized in the SCN, are two good candidates.

TGFa shows a circadian synthesis, with acrophase during the subjective day (Kramer et
al., 2001). TGFa seems to inhibit wheel-running activity since a TGFa injection in the third
ventricle blocked the wheel-running activity of the animals which started to run again in the
wheel after the end of the injection. The epidermal growth factor receptor (EGFR) that is
strongly expressed in the sPVz, is one of its receptors.

PK2 has also a circadian synthesis in the SCN with high levels during the subjective day
(Cheng et al., 2002). Moreover, the dimer CLOCK-BMALT as well as phosphorylated CREB
can link onto its promoter and subsequently induce its transcription. PK2 expression can
therefore be induced by light. PK2 receptor (PK2R) synthesis is restricted to efferent
structures of the SCN (PVN, PVT,...). Finally, PK2 intracerebroventricular injection during

the night decreases the level of locomotor activity.

I11.2.3. Rhythmicity outside the SCN

Besides the SCN clock, there are circadian oscillators in other brain regions and
peripheral organs. Many nervous or peripheral tissues and isolated cells express clock genes
(for review: Balsalobre, 2002; Schibler and Sassone-Corsi, 2002; Fukuhara and Tosini, 2003),
for example heart (Young et al., 2001) or vascular smooth muscle cells (Nonaka et al., 2001).
Moreover, retina is capable of maintaining self-sustained oscillations in vitro (Tosini and
Menaker, 1996). The construction of a transgenic rat line in which luciferase was
rhythmically expressed under the control of the mouse clock genes promoter gave a powerful
technic to follow rhythms in pheripherical organs (Yamazaki et al., 2000). Depending on the
clock gene promotor controling luciferase expression, the rhythm was self-sustained (Per2
promotor) or not (Perl promotor). Recent studies showed that, using two reporter systems

with Per2 promotor, in vitro cultured fibroblasts harbour self-sustained and cell-autonomous
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circadian clocks similar to those operative in SCN neurons (Nagoshi et al., 2004), but the lack
of oscillator coupling in dissociated cell cultures leads to a loss of synchrony among
individual cells and results in the damping of the whole rhythm at the population level (Welsh
et al., 2004).

There are however differences between the oscillations of clock genes in the SCN and
those seen in extra-SCN and peripheral cells. For example, daily expression of Clock may
cycle in the liver (Lee et al., 2001) while it seems to remain constant throughout the day in the
SCN (Shearman et al., 2000b). NPAS2 (also known as MOP4) is a bHLH-PAS transcription
factor sharing high homology with CLOCK (Reick ef al., 2001). In contrast to Clock, Npas?2
is not expressed at detectable levels in the SCN (Shearman et al., 1999), but is present in
several regions of the forebrain, such as cerebral cortex and hippocampus (Reick et al., 2001).
NPAS2 can dimerize with BMALTI to activate rhythmic transcription of Per and Cry and thus
NPAS2 could be a specific component of the forebrain oscillators (Reick et al., 2001). The
timing for clock gene oscillations in the peripheral oscillators appears to be similar to that of
SCN, but with a 6-8 h delay (Damiola et al., 2000). Peripherical oscillators can be entrained
as the SCN. However the mechanisms are different. Daytime food restriction in nocturnal
rodents has been demonstrated to be a strong Zeitgeber of the molecular clockwork in
peripheral oscillators like liver, heart, kidney and pancreas, not only in constant darkness, but
also under a LD cycle (Damiola et al., 2000). The gradual phase changes in circadian gene
expression in liver have been shown to be faster than in other organs (Damiola et al., 2000).
Moreover, phase advances of molecular oscillations within the liver in response to daytime
restricted feeding still occur in SCN-lesioned mice (Hara ef al., 2001). In this condition of
temporal restricted feeding, peripheral oscillators become uncoupled from the master SCN
clock.

Besides reduced food availability, other signals have been proposed to mediate
synchronization of peripheral organs, such as glucocorticoid hormones (Balsalobre, 2002) and

temperature (Brown et al., 2002).

In conclusion, peripheral cells seem to have the same ability of producing
self-sustained oscillations as SCN cells. However, peripheral oscillators are not able to
remain synchronized in a tissue in absence of SCN involvement. In addition, there are
some differences for clock gene expression and entrainment mechanisms between two

cells types: peripheral cells and SCN neurons.
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IV. The serotonergic system

Serotonin (or 5-hydroxytryptamine: 5-HT) was discovered in blood in the 19"
century (Rapport et al., 1948). This substance was first known to induce vessel constriction. A
few years later, it was found to be a neurotransmitter of the central nervous system (Twarog
and Page, 1953). 5-HT is involved in many functions, like sleep, pain and thermoregulation,
but it is also known to have a role in many psychiatric disorders, such as anxiety or

depression. It has been related to Alzheimer disease too.

1V.1. The serotonergic system in the central nervous system

IV.1.1. Anatomical data

IV.1.1.1. Serotonergic nuclei

Serotonin-containing neurons are restricted to different nuclei extending from the
spinal cord to the brain stem (Fig. 16) and can be divided into inferior and superior
groups (for review, Jacobs and Azmitia, 1992). The classical nomenclature assignes a number
from B; to By to all 5-HT nuclei (Table 2).

e The inferior group is composed of raphe pallidus (B, and By), obscurus (B,)
and magnus (B3) nuclei.

e The superior group is composed of raphe pontis (Bs), median (MRN or Bs and
Bg), dorsal (DRN or Bg and B), linearis (Bg) and lateral (By) nuclei.

The DRN contains the highest percentage (40%) of 5-HT neurons compared to other
raphe nuclei. This nucleus can be divided in four regions: dorsomedian, ventromedian and

two lateral regions.
IV.1.1.2. Afferences

Some of the afferences come from nuclei in the brain stem such as the superior
vestibular nucleus, the perihypoglossal nucleus, the nucleus of the solitary tract, the locus

coeruleus, the substantia nigra, the ventral tegmental area or the periaqueducal gray substance
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Figure 16. Representation of the different raphe nuclei (gray areas) on serial frontal slides of
the brain stem from the caudal to the rostral part. A, B, C, D, E, F, correspond to interaural
slides -4.68mm, -2.8mm, +Imm, +1.36mm and ~+1.96mm, respectively (modified from
Paxinos and Watson altlas, 1986). Abbreviations: Aq: Sylvius aqueduct;, CLi: Caudal linear
nucleus; DRN: Dorsal raphe nucleus; Me5: Mesencephalic trigeminal nucleus;, ml: Medial
lemnicus, mlf: Medial longitudinal fasciculus;, MRN: Medial raphe nucleus; PRN: Pontine
raphe nucleus;, RMg: Raphe magnus nucleus; ROb: Raphe obscurus nucleus; RPa: Raphe

pallidus nucleus, xscp: Decussation of the superior cerebellar peduncle.

Alphanumeric Cytoarchitectural regions
classification
B, Raphe pallidus nucleus (RPa)
B; Raphe obscurus nucleus (ROb)
B; Raphe magnus nucleus (RMg)
B4 Central gray of the medulla oblongata
Bs Pontine median raphe nucleus (pMRN)
Bs Pontine dorsal raphe nucleus (pDRN)
B Midbrain dorsal raphe nucleus (mDRN)
Bs Midbrain median raphe nucleus (mMMRN)

Caudal linear nucleus (CL1)

By Medial lemniscus (ml)

From Halliday et al., 1995

Table 2. The nomenclature assigned to 5-HT neurons
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(Kalen et al., 1985). Other structures sending afferences include hypothalamus (preoptic and
lateral hypothalamic areas; Sakai et al.,1977), thalamus and limbic forebrain system (lateral
habenula and prefrontal cortex). Moreover, at least in rats, the DRN receive a little tract
originating in the retina (Shen and Semba, 1994). An important afferent input to the raphe
nuclei consists of connections between the DRN and the MRN, B;, By and B3 (Mosko et al.,
1977).

1V.1.1.3. Efferences

The majority of the raphe nuclei located caudally in the brain project to the spinal cord,
while raphe nuclei located more rostrally project to the forebrain. Those efferences are named

descending and ascending projections, respectively.

Descending projections

These projections are organized in two pathways (for review see Jacobs and Azmitia,
1992). The first pathway, named bulbospinal pathway, originates in the nuclei B, to B4 and
innervates the spinal cord. This pathway seems to be notably implicated in the modulation of
nociceptive information (Ruda et al., 1982). The second pathway originates in the DRN and

innervates the locus coeruleus.

Ascending projections

Fibers originating essentially in the DRN and the MRN, first form three bundles
(Parent et al., 1981): the dorsal, the medial and the ventral ascendant bundle. They merge later
to constitute the medial forebrain bundle. The majority of the 5-HT fibers present in this
bundle are not myelinated (Azmitia and Gannon, 1983). Serotonergic fibers seem to
innervate most of the brain regions since 5-HT can be found in all regions. However, each
brain region is specifically and more or less densely innervated. The main regions that receive
5-HT fibres are: the olfactory bulb, the septal region, the hippocampus, the neostriatum, the
amygdala, the cerebral cortex, the thalamus (and more precisely the IGL) and the
hypothalamus (Azmitia and Segal, 1978). In this structure, the SCN, and more precisely the
VIP neurons, are densely innervated (Bosler and Beaudet, 1958 ; Fig. 17). The DRN and
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MRN innervate differentially the forebrain structures. For example, in the hamster, the IGL is
only innervated by the DRN whereas the SCN is innervated by the MRN (Meyer-Bernstein
and Morin, 1996).

Figure 17. Serotonergic immunoreactivity in the SCN. OC: optic chiasma,; 3V: third

ventricle.

IV.1.2. Serotonergic neuron functioning

IV.1.2.1. Serotonin metabolism

Figure 18 summarizes the important steps of 5-HT metabolism. For review see

Boadle-Biber in 1993.

Synthesis

The precursor of 5-HT is the tryptophan (TRY). Within the cytosol of serotonergic
neurons, TRY is converted to 5-HT by a two-step enzymatic reaction. The first implicated
enzyme, the tryptophan hydroxylase (TpOH), transforms TRY to 5-hydroxytryptophan
(5-HTP) (Ashcroft et al., 1965). The intermediate compound so formed is immediately

decarboxylated to 5-HT by a decarboxylase enzyme, the amino acid decarboxylase. This
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Figure 18. The biosynthesis and the main catabolism pathway of serotonin. The involved

enzymes are indicated in italic.

enzyme, present in excess in the brain, is not limitant for 5-HT synthesis, in contrast to the

TpOH.
Degradation

After release in synaptic space, 5-HT can be recaptured by the neurons through an
active re-uptake process, provided by 5-HT transporters. Within the neurons, 5-HT is again

stored in synaptic vesicles or metabolized. This degradation is realized in two steps. The

mitochondrial enzyme monoamine oxydase (MAOQO) converts 5-HT in an instable compound,
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the S-hydroxyindole acetaldehyde which is then oxidated by the aldehyde dehydrogenase
in 5-hydroxyindole acetic acid (5-HIAA).

IV.1.2.2. Storage and release of 5-HT

Storage of 5-HT is realized by transporters located in the vesicles membrane (Halaris
and DeMet, 1978). In these vesicles, 5-HT is bound to a specific protein, the serotonin
binding protein (SBP), to form the 5-HT-SBP complexe (Gershon et al., 1983).

The two most likely mechanisms involved in of 5-HT release concern the activity of
presynaptic autoreceptors and heteroreceptors and also the firing of the 5-HT neurons (for
review, see Blier et al., 1998). After release in the synaptic cleft, the 5S-HT-SBP complexe is
dissociated and 5-HT can bind to 5-HT receptors. But in the DRN, 5-HT release appears to be
realized not via synapses, but directly from dendrite and cell body (Descarries et al.,1982).

This release could play a role in the regulation of 5-HT neurons firing rate.

IV.1.2.3. Electrical activity of 5S-HT neurons

Serotonergic neurons are characterized by a slow and regular discharge. Results
obtained in vivo in anesthesized and vigil animals show the endogenous caracteristic of
electrical activity in 5-HT neurons. Indeed, when isolated from its afferences, the DRN still
displayed a slow rhythmic discharge pattern (Mosko and Jacobs, 1977). Moreover, in vivo
intracellular recordings provided evidence for an intrinsic activity of the brain serotonergic
neurons (Aghajanian and Vandermaelen, 1982).

The 5-HT neurons electrical activity can be regulated by different factors. Sleep-wake
cycle is one of these factors. In cats, during the waking state, the activity of DRN
serotonergic neurons was slow and highly regular (Trulson and Jacobs, 1979). But when cats
enter slow-wave-sleep, neuronal activity displayed a decrease in rate and loss of regularity.
Moreover, during rapid-eye-movement (REM) sleep, DRN 5-HT neurons showed a
complete loss of electrical activity. 5-HT release is closely related to the neuronal firing:
release is minimal during period of REM sleep and the greatest during the active phase.
Results obtained in rats are in accordance with those in cats, high levels of 5-HT were
measured in awaked animals and the lowest concentrations were obtained during their REM

sleep (Kalen et al., 1989). At cellular level, electrical activity of 5S-HTergic neurons can be
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Figure 19. Graphical representation of the current classification of 5-HT receptors. Receptor
subtypes represented by gray boxes and lower case designate receptors that have not been
demonstrated to definitively function in native systems. Abbreviations: 30-50 cyclic adenosine
monophosphate (cAMP); phospholipase C (PLC); negative (_ve); positive ( + ve).

From Hoyer et al., 2002.
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reduced by 5-HT itself, but also by GABA, histamine and glycine. Noradrenaline and

glutamate induce an increase of the firing rate of these neurons.

IV.1.3. Serotonergic receptors

It can be distinguished 7 different 5-HT receptor classes, 5-HT; to 5-HT, based on
gene sequence, structure, intracellular signaling cascade (Fig. 19) and pharmacology
(Table 3). With the exception of the 5-HT3 receptor, which is a ligand-gated ion channel,
5-HT receptors belong to the G-protein-coupled receptor superfamily. Moreover,
depending on the cellular localization, the 5-HT receptors can be autoreceptors or
heteroreceptors, located on 5-HT neurons or on other neurons, respectively. In addition,
5-HT receptors can be presynaptic, located on fibers terminals or postsynaptic, located on
dendrites or cell bodies. 5-ht receptors are given a lower case appellation to denote that
endogenous receptors with a physiological role have not yet been found. In contrast, 5-HT
receptors have been demonstrated functionally in a variety of tissues from various species.

For review, see Hoyer et al., 2002.

IV.1.3.1. The 5-HT; receptor class

The 5-HT; receptor class is composed of 5 receptor subtypes (5-HT;n, 5-HTg,
5-HTp, 5-ht;g and 5-ht;r). These receptors are composed of 7 transmembrane domains and

are coupled to Gy, (G for protein G) to inhibit cAMP formation (Fig. 19).

5-HT;4 receptors

5-HTa receptors are widely distributed throughout the central nervous system. In the
raphe nuclei, they are somatodendritic (located on dendrites and neurons soma) and act as
autoreceptors to inhibit cell firing (Sprouse and Aghajanian, 1986), synthesis (Hillegaart et
al., 1990) and release of 5-HT (Hjorth and Sharp, 1991). The somatodendritic 5-HT release
occurring in the DRN (Hery et al.,, 1986) thus controls electrical activity as well as
metabolism of serotonergic neurons, via 5-HT;a receptors. However, postsynaptic 5-HTa
receptors are also present in a number of limbic structures, like hippocampus, septum,

amygdala, cortex and SCN. Several agonists show selectivity for the 5-HT;n receptor
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(Table 3), particularly 8-OH-DPAT which acts as a full agonist in most systems. Another
agonist, 5-CT (5-carboxamidotryptamine), is only a partial agonist since it also shows affinity
for 5-HTp, 5-HTp, 5-HTs and 5-HT; receptors (Hoyer et al., 1994). NAN-190 (Deans et al.,
1989) as well as pindolol (Oksenberg and Peroutka, 1988) are thought to be 5-HT;a
antagonists. However, the only selective high-affinity silent antagonist of this 5-HTx

receptor is WAY 100635 (Forster ef al., 1995).

5-HT;p receptors

5-HT;p receptors are expressed in the central nervous system, concentrated in the
frontal cortex, basal ganglia, striatum, SCN and are thought to serve as presynaptic
autoreceptors. In this case, they are involved in the control of 5-HT release (Gothert ef al.,
1987). In addition, the receptor may also act as a presynaptic heteroreceptor controlling the
release of other neurotransmitters, such as acetylcholine, glutamate, dopamine, noradrenaline
and GABA (Pauwels, 1997). In the SCN, this receptor has been shown to be precisely located
on the terminals of the RHT and the GHT (Manrique et al., 1999). 5-CT can be considered a
5-HT;p agonist. However, this compound binds also to 5-HT;a, 5-HTp, 5-HTs and 5-HT;
receptors (Hoyer et al., 1994). Moreover, 1-(3-trifluoromethylphenyl) piperazine (TFMPP) is
a selective 5-HT,g agonist (McKenney and Glennon, 1986), but is also known to be specific
to the other 5-HT, receptors. With respect to antagonists, there are few with high selectivity
for the 5-HT,p receptor. The 5-HT,p antagonists, that are most commonly used in rodents, i.e.
pindolol, are also equipotent for the 5-HT;5 receptor, but with antagonist or partial agonist

properties.

5-HTp receptors

5-HT)p has a high level of sequence homology with 5-HT;g and 5-CT is an agonist for
both. However, pharmacology properties between these two receptors are relatively different.
Compared with 5-HTp receptors, 5-HTp level of expression is very low and appears to be
present in the DRN (Roberts and Price, 2001) and in the trigeminal ganglia (Hou et al., 2001).
The only 5-HTp agonist to date is the PNU 109291 (Table 3). BRL 15572 is a specific

5-HT)p antagonist.
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5-HT, receptors
Nomenclature 5-HT1a 5-HT1s 5-HT1p 5-htie 5-ht1e
Agonists 8-OH-DPAT TFMPP PNU 109291 - LY 334370
5-CT 5-CT 5-CT
Antagonists  (x)WAY 100635 Pindolol BRL 15572 - -
Pindolol
NAN-190
Radioligands [*H]WAY100635 °GTI 2GTI [H]5-HT [*°1LSD
[*H]8-OH-DPAT [***l1cyp [*H]Sumatriptan [PHILY 334370
[*H]Sumatriptan [*H]GR 125743
[*HIGR 125743
5-HT, 34 receptors
Nomenclature 5-HT2a 5-HT2s 5-HTyc 5-HT3 5-HT4
Agonists DOI DOI Ro 600175 m-CPBG BIMU 8
DOB DOB DOI
BW 723C86 mCPP
Antagonists MDL 100907 SB 200646 SB 242084 ondansetron GR 113808
Radioligands ol BHI5-HT *#ILSD [*H](S)-zacopride [**®1]SB 207710
[3H]Ketanserin [3H]Mesulergine [3H]tropisetron [3H]GR 113808
[*H]MDL 100907 [H]granisetron  [*H]RS 57639
[*HIGR 65630
5-HTs67 receptors
Nomenclature 5-htsa 5-htsg 5-htg 5-HT,
Agonists 5-CT 5-CT - 8-OH-DPAT
5-CT
Antagonists - - SB 271046 DR 4004
SB 269970
Radioligands *#ILSD *#ILSD [*%1)SB 258585 [*I)LSD
[*H]5-CT [*H]5-CT *#1LsSb [’HISB 269970
[PHI5-HT [PH]5-CT
[PHI5-HT

Table 3. 5-HT receptors specific agonists, antagonists and radioligands. Modified from

Hoyer et al., 2002.
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5-htg receptors

The putative 5-ht,g receptor was identified in binding studies in homogenates of human
frontal cortex, but it was not possible to readily determine its overall distribution and to

confirm a true physiological role, since selective ligands are currently unavailable.

5-ht;p receptors

Little is known about the distribution and function of the 5-ht;r receptor. However,
mRNA for the human receptor has been identified in the brain, concentrated in the dorsal
raphe, hippocampus, cortex, striatum, thalamus and hypothalamus. LY 334370 is a selective

5-ht;r receptor agonist and has also been used as a radioligand (Table 3).

I1V.1.3.2. The 5-HT; receptor class

This class comprises the 5-HTa, 5-HT,5 and 5-HT,c receptors, which exhibit 46 to
50% overall sequence identity. They are composed of 7 transmembrane domains and are
coupled preferentially to Gg11 to increase, through PLC, the hydrolysis of inositol phosphates
and elevate cytosolic [Ca®"] (Fig. 18).

5-HT>, receptors

The 5-HT»a receptor is widely distributed in central tissues: neocortex, claustrum, basal
ganglia and SCN (Moyer and Kennaway, 1999). The agonists described are not truly selective
since DOI and DOB also recognize other receptors of the 5-HT, receptor class. MDL 100907,

the most selective agent in terms of 5-HT,, affinity, is an antagonist.

5-HT,p receptors

5-HT,p receptor immunoreactivity has been reported and is restricted to a few brain

regions particularly cerebellum, hypothalamus, medial amygdala and lateral septum (Duxon
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et al., 1997). A 5-HT,p selective agonist, BW 723C86 (Kennett et al., 1997), as well as
selective antagonists, SB 200646 (Kennett et al., 1994) are available.

5-HT>c receptors

The 5-HT,c receptor was one of the first of this family to be cloned (Loric et al., 1992).

It is expressed in choroid plexus, in basal ganglia, hippocampus, in the limbic structures of the
brain, in the hypothalamus and particularly in the SCN (Moyer and Kennaway, 1999). Due to
the lack of truly selective 5-HT,c receptor ligands, our current knowledge concerning a
functional role of this receptor is rather limited. However, Ro 600175, DOI and mCPP
represent moderately selective agonists. Moreover, DOI is also able to recognize 5-HT;a
receptors binding sites and mCPP shows also affinity for 5-HT,5 and 5-HT; receptors (Zifa
and Fillion, 1992). SB 242084 is a 5-HT, antagonist.

IV.1.3.3. The 5-HTj; receptor class: an intrisic ligand-gated channel

This nonselective cation channel (Na, Ca*" and K") has similar electrophysiological
properties as the nicotonic acetylcholine or GABA, channels (Boess and Martin, 1994). Its
activation leads to a transient inward current and thus induces a rapid depolarisation of the
neuron and subsequent neurotransmitter release. 5-HT; receptors are involved in the
modulation of different neurotransmitter’s release as demonstrated for noradrenaline in the
hippocampus (Feuerstein and Hertting, 1986), dopamine in the nucleus accumbens and
amygdala (De Deurwaerdere et al., 1998), GABA in the spinal cord (Kawamata ef al., 2003)
and for glutamate in the area postrema (Funahashi et al., 2004). 5-HT; receptors are
pentamers (Boess et al., 1995). There are two 5-HT; subtypes: 5-HTss and 5-HTsg. The
5-HT;4 receptor is present in two splice variants (a long and a short variant) that appear to
possess similar distributions, pharmacological profiles and electrophysiology caracteristics
(Miquel et al., 1995). However, the distribution of the second subtype, the 5-HTsp receptor,
seems to be different from that of the 5-HT;a receptor (Morales and Wang, 2002). Moreover,
it appears that the heteromeric combination of 5-HT35 and 5-HTsg subunits is necessary to
provide the full functional features of the 5-HT; receptor, since each subunit alone results in
receptors with very low conductance and response amplitude (Dubin ef al., 1999). 5-HT;
receptors are present in several brain regions, including the hippocampus, the nucleus

accumbens, the amygdala, the dorsal motor nucleus of the solitary tract and the area postrema
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(Laporte et al., 1992). One specific 5-HT; agonist is m-CPBG. Ondansetron is a selective
5-HT; antagonist.
IV.1.3.4. The 5-HT4¢,7 receptors

The 5-HT4, 5-hts and 5-HT7 receptors are all coupled preferentially to Gs and promote
cAMP formation.

5-HT, receptors

Seven C-terminal splice variants of the receptor have been identified (5-HT4a.11; Blondel
et al., 1997). The pharmacology of the variants seems to be similar in contrary to their
distribution. This receptor subtype is present in the striatum, in the substantia nigra, in the
olfactory bulb and limbic structures of the brain. 5-HT4 receptors in the central nervous
system appear to modulate neurotransmitter (acetylcholine, dopamine, serotonin and GABA)
release and enhance synaptic transmission. Several potent and selective 5-HTj4 receptor
ligands are now available, such as the agonists BIMU 8 (Eglen, 1997) and the antagonists
GR113808 (Bonhaus ef al., 1994).

5-htg receptors

The 5-ht¢ receptor mRNA is located in the striatum, amygdala, nucleus accumbens,
hippocampus, neocortex and olfactory tubercle. Selective antagonists become now available,

for example, SB 271046. However, there is to date no specific 5-hts agonists.

5-HT7 receptors

Alternate splicing of other 5-HT7 receptor has been reported to generate four different
isoforms (5-HT7a.p), which differ in their C-terminal region (Heidmann et al., 1997).
However, these isoforms have been shown to be rather similar in their respective
pharmacology, signal transduction or tissue distribution (Jasper et al, 1997).
Autoradiographic analysis revealed 5-HT7 binding sites in the thalamus and the hypothalamus
and more precisely in the SCN (Moyer and Kennaway, 1999), with more moderate binding

densities in the hippocampus, the brain stem, cerebral cortex and with even lower binding
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densities in the amygdala, cerebellum, superior colliculus and raphe nuclei. Moreover, the
cellular localization of rat hypothalamic 5-HT; receptors was suggested to be postsynaptic
(Clemett et al., 1999). Despite the lack of selective 5-HT; agonists, prototypical 5-HT;
agonists, like 8-OH-DPAT or 5-CT, have also a high affinity for the 5-HT; receptor. DR4004
is a specific antagonist (Kikuchi et al, 1999), but has also affinity for the dopamine D2
receptor (Kogan et al., 2002). SB 269970 is also a selective 5-HT; antagonist (Hagan et al.,
2000).

IV.1.3.5. The 5-hts receptors

Two subtypes of the 5-hts receptor (5-htsa and 5-htsg) have been found in rodents. The
receptor transduction mechanism has been suggested by Carson et al. (1996): it seems that
they are negatively coupled to Gi and Go and that they induce subsequent inhibition of cAMP
production. Labelled structures include the hypothalamus, hippocampus, fimbria, corpus
callosum, and cerebral ventricles. The morphology and distribution of the cells labelled with
antiserum were consistent with those of astrocytes (codistribution with GFAP was
prominent), except in the olfactory bulbs and cortex where low levels were associated with
neurons. No specific agonists or antagonists are available up to now. However, 5-CT binds

also to 5-HTs receptors.

IV.2. The serotonergic system: relationship with the circadian

system

IV.2.1. Circadian control of serotonergic system

The circadian control on the serotonergic system can be realized at different levels of

serotonin synthesis, degradation or release.
IV.2.1.1. Tryptophan availability and uptake

Several studies have reported daily rhythms in both plasma and brain tryptophan

concentrations in parallel to 5-HT levels (Hussein and Goedde, 1979). However, it seems
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unlikely that tryptophan levels play a critical role in variations of central 5-HT
concentrations. Indeed, 100 % increase in brain tryptophan levels resulted in a 10— 15 %
increase in 5-HT concentrations (Leathwood, 1987). Since endogenous variations in brain
tryptophan are less than 2-fold, it is unlikely that circadian fluctuations of tryptophan are
responsible for daily changes in 5-HT concentrations.

However, it is possible that variations of tryptophan uptake, that enable transport of
tryptophan from the general circulation into neurons, may be an important factor responsible
for daily variations of 5-HT levels. Indeed in 1988, Loizou and Redfern investigated
tryptophan uptake in cortical rat synaptosomes. Their results showed a variation of tryptophan
uptake rate with maximal values at the middle of the day. Thus, it is generally believed that
the limiting factor of 5-HT synthesis is related in part to the control of tryptophan uptake into

serotonergic neurones.

IV.2.1.2. TpH and 5-HTP decarboxylase quantity and activity

The limiting step in 5-HT synthesis is the conversion of tryptophan in 5-HTP by the
TpH. Circadian rhythmicity of TpH mRNA in raphe nuclei has been demonstrated with a
peak at the end of the subjective day (Malek et al., 2005; in press). Moreover, TpH protein
levels shows a circadian rhythmicity in the raphe with a peak in the middle of the subjective
night (Malek et al., 2004). This circadian rhythm of TpH protein was also shown in the SCN
(Barassin et al., 2002) and in the IGL (Malek et al., 2004), however with a delayed peak level
at the end of the subjective day. Thus, it seems likely that TpH is first expressed in the raphe
nuclei (Ehret et al., 1987), then transported in the axons to the SCN and the IGL. The
persistence of a TpH mRNA and protein rhythmicity in DD demonstrates the circadian
regulation of the TpH expression. TpH activity has been investigated by several groups but
contradictory results have been reported. While some authors found maximal enzyme activity
in the middle of the light phase (Kan et al., 1977), others failed to demonstrate any variation
of TpH activity (McLennan and Lees, 1978). The reason for this diversity could be due to the
variety of experimental techniques used. Therefore, no definitive conclusion concerning a
circadian rhythmicity of the enzyme activity can be drawn here.
The mechanisms of circadian control of TpH are still unknow. Nevertheless, it seems
likely that glucocorticoids can modulate the expression as well as the activity of TpH.

Indeed, an immobilisation stress can elevate tryptophan hydroxylase mRNA and protein in
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the rat raphe nuclei (Chamas ef al., 2004). In addition, chronic injections of glucocorticoids or
corticosteroid compounds induced an increase of TPH mRNA (Clark and Russo, 1997),
protein (Azmitia et al., 1993) and activity (Singh ef al., 1990). Given that corticosterone is a
well known SCN output, one could hypothesize a circadian control of TpH expression and of
its activity via glucocorticoids plasma level (Malek et al., in preparation).

In the central nervous system, the activity of 5-HTP decarboxylase is much higher
than that of the rate limiting enzyme TpH. Since 5-HTP is rapidly transformed into 5-HT,
tissue concentrations of 5-HTP are low, and it is generally considered that the activity of the

decarboxylase enzyme does not play any role in the control of 5-HT synthesis.

I1V.2.1.3. Serotonin content and release

Whole brain 5-HT levels were first reported to vary over the day in mice (Albrecht et
al., 1956). Subsequently, similar findings have been reported for numerous other species,
including humans (Bucht et al., 1981), rats (Kan et al., 1977) and Syrian hamsters, especially
in the raphe nuclei and paraventricular nucleus (Ozaki et al., 1993). In the rat, 5-HT levels in
the brain are maximal during the day and low during the night (Quay, 1968).

New techniques such as in vivo voltammetry or microdialysis have been developed and
these tools allowed the measurement of extracellular levels of 5-HT and 5-HIAA. Since MAO
activity did not present diurnal variations, 5-HIAA only was first used as a tracer for 5-HT
release. Indeed, owing technical problems, it was possible to measure 5-HIAA extracellular
level, but not 5-HT. Faradji ef al. in 1983 reported a clear circadian pattern of S-HIAA level
in the rat SCN using in vivo voltammetry. Furthermore, the use of a nafion-coated carbon
fiber electrodes excluding 5-HIAA, enabled the measurement of 5-HT extracellular level.
Moreover, microdialysis technic enabled direct measurements of 5-HT release rhythm and
provided the evidence that 5-HT release in the SCN shows a peak at the beginning of the
subjective night in the hamster (Dudley et al., 1998) and the rat (Barassin et al., 2002). The

same pattern of 5-HT release was detected in the IGL in the hamster (Grossman ef al., 2004).

IV.2.2. Role of serotonin in circadian rhythms

It was first difficult to define a specific role of serotonin. Indeed, 5-HT depletion and

lesion studies revealed only subtle effects on circadian rhythmicity. For example, in Syrian
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hamters, chemical lesions of the serotonergic system by application of the 5,7-DHT
(5,7-dihydroxytryptamine) neurotoxin resulted in a lengthening of the activity duration o
both under LD and DD conditions (Smale et al., 1990; Meyer-Bernstein et al., 1997).
However, under constant light (LL) conditions, the increase of tau in control animals
(Aschoff, 1959) was prevented by the lesion of the raphe nucleus (Meyer-Bernstein et al.,
1997), indicating a modulatory effect of 5-HT in the transmission of light information to the
SCN. Further data obtained after acute applications of 5-HT agonists and antagonists in
hamsters, mice and rats indicated that serotonin plays an important role in the entrainment of

the circadian clock but this role varies with the species (Kohler et al., 2000).

IV.2.2.1. Role of serotonin in the Syrian hamster

In hamsters, the SCN receives a direct serotonergic projection from the MRN as well as
an indirect input from the DRN through the IGL (Meyer-Bernstein and Morin, 1996) (Fig. 9).
Experimental evidence obtained so far in Syrian hamsters suggests that 5-HT mimics the
effect of non-photic stimuli during the subjective day and modulates photic input to the
SCN during the subjective night.

Actually, serotonin release was increased in the SCN in response to an induced activity
(Dudley et al., 1998) and to sleep deprivation (Grossman et al., 2000) during the subjective
day. Moreover, 5-HT agonists mimicked the phase shifting effects of non-photic stimuli
(Cutrera et al., 1996). Systemic injections of 5-HT agonists such as 8-OH-DPAT during the
subjective day induced phase advances of the locomotor activity, but very little or no phase
shifts during the subjective night, in LL (Tominaga et al., 1992b) as well as in DD conditions
(Cutrera et al., 1994a). Similar results were obtained after local injection of 8-OH-DPAT in
the SCN (Challet et al., 1998c). Moreover, electrical stimulation of the DRN and the MRN,
leadings to 5-HT release in the SCN, induced phase advances of the locomotor activity
rhythm (Meyer-Bernstein and Morin, 1999). In addition, 8-OH-DPAT injections at the middle
of the subjective day decreased Perl and Per2 mRNA levels in the SCN (Horikawa ef al.,
2000; Caldelas et al., 2005) as did non-photic stimuli, like novel-wheel running (Maywood et
al., 1999). These effects seem to be mediated by the 5-HT 4 receptor subtype since pindolol, a
5-HT, 5 antagonist, was able to block the effect of 8-OH-DPAT on the locomotor activity
rhythm (Tominaga ef al., 1992b). However, it seems likely that the 5-HT; receptors are also
involved, since the effects of a systemic 8-OH-DPAT injection were blocked by DR4004, a
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specific 5-HT7 antagonist (Ehlen et al., 2001). Furthermore, phase advances induced by
arousal due to triazolam (Cutrera ef al., 1994b), but not novel-wheel running (Bobrzynska et
al., 1996), were reduced by the 5-HT fibers lesion, resulting from the application of the
5,7-DHT neurotoxin (Meyer-Bernstein and Morin, 1998) or blockade of serotonergic
transmission, induced by reserpine injection (Penev ef al., 1994). Similar results could be
obtained with pretreatment with 5-HT antagonists (Sumova et al., 1996). In addition, a few
studies indicated that 5-HT fibers from the DRN projecting to the IGL can play a role in
non-photic phase shifting effects. Daytime microinjections of 8-OH-DPAT into the IGL
induced phase advances of the locomotor activity (Challet ef al., 1998c). These findings are
consistent with a putative role of serotonergic pathways in the transmission of arousal state to
the SCN.

Besides direct effects on the SCN clock during the subjective day, 5-HT is thought to
play a role in decreasing the light-induced phase shifts during the subjective night.
Systemic (Rea et al., 1994) as well as local injections of 8-OH-DPAT (Weber et al., 1998)
decreased the magnitude of light-induced phase shifts of locomotor activity rhythm.
Moreover, 8-OH-DPAT blocked the light-induced firing increase of SCN neurons (Rea et al.,
1994; Ying and Rusak, 1994), extracellular glutamate in the SCN (Srkalovic et al., 1994), as
well as stimulation of c-Fos protein immunoreactivity in SCN cells (Rea ef al., 1994). Similar
results were obtained with 5-HT (Selim ez al., 1993; Ying and Rusak, 1994), quipazine (Selim
et al., 1993), 5-CT (Ying and Rusak, 1997) or TFMPP (Srkalovic et al., 1994; Pickard et al.,
1996). This inhibition of light-induced effects seems to be mediated by the 5-HT,g receptors,
since systemic as well as local injections of different 5-HT;p agonists into the SCN, reduced
light-induced effects and phase shifts of the locomotor activity rhythm as well as c-Fos

expression in the SCN neurons (Pickard et al., 1996).

1V.2.2.2. Role of serotonin in the mouse

Results obtained in vivo in mice were almost the same as those gathered in hamsters,
both during the subjective day (Horikawa and Shibata, 2004) and the subjective night
(Pickard and Rea, 1997; Pickard et al., 1999). Moreover, it has been shown that in mouse, like
in hamster, 5-HT is involved in the effects of non-photic cues on the clock. Indeed, local
injection of the 5,7-DHT neurotoxin in the SCN, blocked the circadian effect of a scheduled

2 h wheel running paradigm (Edgar ef al., 1997). In addition, in vitro studies demonstrated the
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involvement of 5-HT;g as well as 5-HT; receptors in the inhibition of light-induced
glutamatergic excitatory postsynaptic currents (EPSCs) evoked by selectively stimulating the
optic nerve (Pickard ef al., 1999; Smith et al., 2001). The cellular localization of the 5-HT g
receptor involved has been shown to be presynaptic on axon terminals (Boschert et al., 1994)
and more precisely on the RHT (Pickard et al., 1999).

The receptor affinities are, nevertheless, slightly distinct from those in hamsters. Indeed,
(£)8-OH-DPAT systemic injections in the mouse induced only little effects on the locomotor
activity thythm and on c-FOS expression in the SCN in contrast to the large effects obtained
in hamsters (Antle et al., 2003). However, (+)8-OH-DPAT, an enantiomer of the latter
compound, has been shown to phase advance the locomotor activity rhythm when injected

during the subjective day (Horikawa and Shibata, 2004).

IV.2.2.3. Role of serotonin in the rat

In rats, contrary to what has been observed in hamsters, the SCN receives a direct
serotonergic projection from both MRN and DRN, while the IGL receives only 5-HT input
from the DRN (Hay-Schmidt et al., 2003). Moreover, the DRN receives a small retinal
projection (Shen and Semba, 1994).

First, 5-HT seems to be involved in the effects of timed caloric restriction. Indeed,
lesion of 5-HT fibers in the SCN, after injection of the 5,7-DHT neurotoxin, limited the phase
advance of both body temperature and locomotor activity rhythms induced by a daytime
caloric restriction (Challet et al., 1997¢). Moreover, the 5-HT input from the DRN to the IGL
seems also to play a role, since IGL lesion decreased phase advances induced by a timed
caloric restriction in LD (Challet et al., 1996b).

Second, a former study showed that quipazine as well as 8-OH-DPAT injected during
the day induce a phase advance of the locomotor activity rhythm (Edgar et al, 1993)
suggesting that 5-HT in rats has similar effects as those in hamsters. However, several recent
studies showed that 5-HT seems to enhance, rather than reduce, photic responses in rats.
Indeed, systemic injections of 5-HT agonists such as quipazine or the more specific 5-HT,c
agonists, DOI and mCPP, but not 8-OH-DPAT have been shown to mimic the phase shifting
effects of light on the circadian rhythms of locomotor activity and melatonin (Kennaway
et al., 1996; Kennaway and Moyer, 1998, 1999; Kohler ef al., 1999; Fig. 20). Furthermore, it
has been shown that similar to light, quipazine (Moyer et al., 1997) and other 5-HT agonists
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such as DOI injected at the periphery induce c-Fos expression in the ventrolateral area of the

SCN during the subjective night, but not during the subjective day (Moyer et al., 1997;
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Figure 20. Phase response curves (dashed line) for quipazine in the rat. Mean phase
shifts = SD are represented for quipazine in squares and for saline in circles (From Kohler et

al., 1999).

Kennaway and Moyer, 1998, 1999; Kohler et al., 1999). Similar effects of quipazine were
demonstrated after its local injection into the SCN (Kalkowski and Wollnik, 1999). Moreover,
as for the light, DOI could induce the expression of Per/ and Per2 during the subjective night
(Varcoe et al., 2003). It has been proposed by the team of Kennaway that the 5-HT,¢ receptor
mediates these photic-like effects of 5-HT, because effects of DOI on melatonin rhythm as
well as on c-FOS expression in the SCN were blocked by pretreatment with the specific
5-HT,¢ antagonist SB-242084 (Kennaway et al., 2001). Moreover, the presence of the 5-HT,¢
receptors in the SCN has been confirmed by in situ hybridization (Roca et al., 1993) and
immunohistology (Moyer and Kennaway, 1999). In addition, the 5-HT modulation of light
effects during the night has been tested as done in the hamster. Nevertheless, the reduction of
light-induced c-Fos expression in the SCN by 8-OH-DPAT injections was smaller in rats
(Recio et al., 1996) compared to hamsters (Glass et al., 1994). Furthermore, light-induced
c-Fos expression in the rat SCN was even more reduced after application of the 5-HT
antagonist NAN-190 (Recio et al, 1996), whereas in hamsters NAN-190 potentiated
light-induced c-Fos expression (Rea et al., 1995). Therefore, the inhibitory effect of 5-HT on
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photic responses of the circadian pacemaker that has been shown in hamsters, appears to be
weaker or absent in rats.

However, concerning in vitro studies on rat SCN slices, photic-like effects have not
been observed. On the contrary, non-photic effects of the 5-HT agonist quipazine on the SCN
neurons firing rate thythm have been demonstrated, but with a higher amplitude than in vivo
on the locomotor activity thythm (Prosser ef al., 1990; Prosser, 2003). Moreover, these effects
are not reduced by the application of TTX (Prosser et al., 1992), known to block synaptic
transmission, providing evidence for a direct effect of this agonist, via post-synaptic receptors
on the SCN cells. Similar results were obtained with 5-HT, 8-OH-DPAT and 5-CT (Medanic
and Gillette, 1992; Prosser et al., 1993). In addition, quipazine, failed in vitro to induce c-fos
mRNA during the subjective night (Prosser ef al., 1994b). A recent study suggests that the
5-HTsa receptors could be involved in these effects (Sprouse et al., 2005). Moreover, 5-HT is
able to reduce the field potentials in the suprachiasmatic nucleus of slices of hypothalamus
evoked by stimulation of the optic nerve (Liou ef al., 1986). These results are similar to those
obtained in vivo in hamsters. These differences between the in vitro and in vivo effects of
quipazine in rats could suggest that systemically administered quipazine may affect the
circadian system not directly at the level of the SCN, but through other brain structures such
as the raphe or the IGL. However, i.c.v. injections of quipazine in areas close to the SCN
during the subjective night, induce photic-like phase shifts of locomotor activity rhythm as
well as c-FOS expression in the ventrolateral SCN (Kalkowski and Wollnik, 1999),
implicating 5-HT receptors (pre and/or post-synaptic) located in this region. Differences
between in vitro and in vivo effects of quipazine in the rat may rather be due to the

impairment of the SCN inputs in brain slice preparations.

Thus, the serotonergic system that strongly projects to the SCN, is controlled at
different levels by the circadian system. In turn, serotonin released in the SCN has
subtle and complex effects on the SCN, due to a large and diverse range of receptors.

Moreover, these modulatory effects highly depend on the species and the circadian time.
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SCOPE OF THE THESIS

In order to be in phase with the daily environmental variations, the circadian system
within the SCN integrates different external time cues (Zeitgebers) that can be either of photic
nature (e.g. LD cycle) or not. These diverse factors are able to modulate each other to build a
global input signal to the SCN. Moreover, the neurotransmitter serotonin (5-HT) seems to be
a key component in the SCN entrainment. The aim of this thesis was thus to study the
mechanisms of integration of two external cues: the LD cycle and a metabolic factor, i.e. a
timed caloric restriction. In addition, the 5-HT system being involved in this entrainment of
the clock, we thus studied the neuronal mechanisms of the light-like phase shifting effect of
5-HT in rats.

In the first part of this thesis, we investigated the mechanisms of interaction between a
photic factor, i.e. the LD cycle and a non-photic factor, i.e. a timed caloric restriction (First
part). We thus studied the interaction between these two Zeitgebers on the rhythms of
locomotor activity, melatonin secretion and VP gene expression. We also analyzed the effect
of these two factors on the rhythmic expression of different clock genes, in order to see a
possible correlation between clock outputs and molecular mechanisms responsible for
circadian rhythm generation of the clock. Moreover, we studied the effect of the diurnal
hypocaloric feeding on the light responses of the SCN, i.e. light-induced phase shifts of the
locomotor activity rhythm, inhibition of melatonin secretion and expression of clock genes.

Several data in the literature indicate that the 5-HT system, and more precisely the 5-HT
input to the SCN, is involved in the effect of timed caloric restriction on the SCN (Challet et
al., 1997e). Moreover, 5-HT modulates the entrainment of the clock and has more precisely
photic-like effects in rats by acting directly on the SCN (Kennaway et al., 1996; Moyer et al.,
1997; Kennaway and Moyer, 1998, 1999; Kalkowski and Wollnik, 1999; Kohler et al., 1999;
Varcoe et al., 2003). Our hypothesis was thus that 5-HT could play a role in the functional
interaction between non-photic and photic factors within the SCN. In order to further
investigate this issue, we decided to study the neuronal mechanisms underlying the

photic-like synchronizing effect of 5-HT on the SCN.

In the second part of this thesis, we first investigated the precise location of the 5-HT

receptor(s) involved in these photic-like effects of 5-HT in rats (Second part; Article 2).
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Indeed, this/these 5-HT receptor(s) could be presynaptic, located on the input terminals or
postsynaptic, located on the SCN cells. The presynaptic hypothesis was tested by analyzing
the effect of a non specific 5-HT agonist on locomotor activity rhythm as well as on c-FOS
expression in the SCN of animals bearing a lesion of either the GHT, the 5-HT input or the
RHT, the three main afferences of the SCN.

We then tried to find out which 5-HT receptor(s) subtype(s) is/are implicated in the
photic-like effects of 5-HT (Second part; Article 3). In other brain structures, the 5-HTj3
receptor subtype has been shown to be located on glutamatergic terminals and to induce
glutamate release when activated. These results and ours obtained in the Article 2. raised the
possibility that the 5-HT3 receptor subtype is involved in the photic-like synchronizing effect
of 5-HT. We thus analyzed the respective effects of a specific 5-HT3 agonist and a specific
5-HTj3 antagonist on three different parameters: locomotor activity rhythm, c-FOS expression

and clock gene expression in the SCN.
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I. First part:

Interaction between a photic cue, i.e. the light-dark cycle and a non-photic

cue, i.e. a timed caloric restriction.

Introduction

Photic as well as non-photic cues are able to synchronize the clock. Moreover, they can
interact and modulate their respective effect, but the mechanisms of interaction are not yet
well understood. We thus decided to study the interaction of a photic cue, i.e. the LD cycle,
and a non-photic cue, a timed caloric restriction. The effects of timed caloric restriction on
different output parameters of the clock as well as on clock gene expression in the SCN in

mice exposed to a LD cycle are presented in the following article.

107



108



Article 1

Feeding cues alter clock gene oscillations and photic responses in the

suprachiasmatic nuclei of mice exposed to a light-dark cycle

Jorge Mendoza*, Caroline Graff*, Hugues Dardente, Paul Pévet and Etienne Challet

Journal of Neuroscience (2005) 25 : 1514-22.

* The first two authors contributed equally to the work.
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Abstract

The suprachiasmatic nuclei (SCN) of the hypothalamus contain the master mammalian
circadian clock, which is mainly reset by light. Temporal restricted feeding, a potent
synchronizer of peripheral oscillators, has only weak influence on light-entrained rhythms via
the SCN, unless restricted feeding is coupled with calorie restriction, thereby altering phase
angle of photic synchronization. Effects of daytime restricted feeding were investigated on the
mouse circadian system. Normocaloric feeding at midday led to a predominantly diurnal
(60 %) food intake and decreased blood glucose in the afternoon, but it did not affect the
phase of locomotor activity rhythm, or vasopressin expression in the SCN. By contrast,
hypocaloric feeding at midday led to 2-4 h phase advances of three circadian outputs,
locomotor activity rhythm, pineal melatonin, and vasopressin mMRNA cycle in the SCN, and it
decreased daily levels of blood glucose. Furthermore, Perl and Cry2 oscillations in the SCN
were phase advanced by 1 and 3 h respectively in hypocaloric- but not in normocaloric-fed
mice. The phase of Per2 and Bmall expression remained unchanged regardless of feeding
condition. Moreover, the shape of behavioral phase response curve to light and light-induced
expression of Perl in the SCN were markedly modified in hypocaloric-fed mice compared to
animals fed ad libitum. The present study shows that diurnal hypocaloric feeding affects not
only the temporal organization of the SCN clockwork and circadian outputs in mice under
light-dark cycle, but also photic responses of the circadian system, thus indicating that energy
metabolism modulates circadian rhythmicity and gating of photic inputs in mammals.

Introduction

In mammals, the suprachiasmatic nuclei (SCN) of the hypothalamus contain the master
circadian clock that coordinates the daily temporal organization of physiology and behavior.
The SCN clock, which generates circadian rhythms, is synchronized to cyclic environmental
changes, mainly the light-dark cycle (LD cycle; Takahashi et al., 2001).

The molecular mechanisms underlying circadian rhythmicity involve self-sustaining
transcriptional/translational feedback loops based on rhythmic expression of the mRNA and
proteins of clock components. mMRNA of three Period genes (Perl, Per2 and Per3) oscillate
with peak levels during daytime (Albrecht et al., 1997; Zylka et al., 1998). Transcription of
Per, two Cryptochrome (Cryl and Cry2) Rev-Erba and two Dec (Decl and Dec?2) is activated
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by heterodimers of transcription factors, CLOCK and BMAL1 (Kume et al., 1999; Honma et
al., 2002; Preitner et al., 2002). While Clock mRNA levels do not markedly oscillate in
mouse SCN neurons (Shearman et al., 2000b), Bmall mRNA levels show daily variations
with nocturnal peak and daytime trough (Abe er al., 1998). Several clock proteins, including
CRY and DEC, inhibit transcription of Per and Cry through binding to, or competition with,
CLOCK/BMAL1 (Kume et al., 1999; Honma et al., 2002). Moreover, Bmall transcription is
repressed by REV-ERBa (Preitner et al., 2002) and activated by RORa. (Sato et al., 2004).

Synchronization of the SCN clock to light has been associated with increases of Perl
and Per2 mRNA (Albrecht er al., 1997; 2001; Shigeyoshi et al., 1997). Synchronizing effects
of food availability differ largely from photic phase resetting. Behavioral outputs of
light-synchronized SCN are usually not affected by restricted feeding (Mistlberger, 1994;
Stephan, 2002). Accordingly, daily food access limited to daytime does not change clock gene
expression in the SCN of rodents exposed to LD cycle (Damiola et al., 2000; Hara et al.,
2001; Stokkan et al., 2001; Wakamatsu et al., 2001). When rats and C57BL mice kept under
LD cycle are fed daily with only a hypocaloric diet, however, significant phase advances of
circadian rhythms of melatonin, body temperature and locomotor activity have been detected
(Challet er al., 1997c; 1998d), suggesting that the phase of the SCN is modulated by
feeding-related/metabolic cues.

Here we investigated the molecular mechanisms whereby timed calorie restriction alters
the phase angle of photic synchronization. For this purpose, daily patterns of clock and
clock-controlled gene expression were determined in the SCN of mice fed during daytime
either with hypocaloric or normocaloric diet, and compared to ad lib-fed control animals.
Moreover, phase shift responses of locomotor activity rhythm to light, light-induced
suppression of pineal melatonin, and light-induced expression of clock genes in the SCN were

compared between hypocaloric-fed and ad lib-fed mice.
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Material and Methods

Animal housing and experimental design

Male, 8-wks old C3H mice (Charles Rivers, Lyon, France) were housed singly in cages
equipped with a running wheel (10 cm diameter) in a room at 23 + 1 °C with a 12-h light:12-h
dark cycle (lights on at 5:00 AM) for 2-3 wks. Under LD conditions, times of day were
converted to zeitgeber times (ZT), where ZT 0 and ZT 12 were the onsets of light and
darkness, respectively. On the first day of constant darkness (DD), times of day were
converted to projected ZT (pZT), where pZT 0 and pZT 12 were defined as the respective
projected time of lights on and lights off in the previous lighting cycle. During daytime, light
intensity was ~200 lux at the level of the cages. Food pellets and water were available ad
libitum unless otherwise stated. Food pellets were composed of (per 100 g): 4 g fat, 20 g
proteins, and 66 g carbohydrates (UAR, Epinay sur Orge, France). This diet contained 3.90
kcal/g, including 0.37 kcal/g from fat. All experiments were performed in accordance with the
“Principles of laboratory animal care” (NIH publication 86-23, revised 1985) and the French

national laws.

Behavioral phase shifts

To determine circadian rhythm of locomotor activity, wheel-running was continuously
recorded in 24 mice (Experiment 1) and collected every 5 min as described before (Challet et
al., 2003). Mice were transferred to DD during 1 wk to assess the endogenous period (t) of
each animal (32 periodogram, ClockLab software, Actimetrics, Evanston, USA). Mice were
then returned to LD cycle with food ad libitum for 2 wks. Daily food intake was determined
to be 5.4 g of chow. As in previous studies (Challet et al., 1998d), mice were then randomly
divided into three groups. The normocaloric-fed group received 100% of the mean daily food
intake (i.e., 5.4 g) 6 h after the onset of light (i.e., at ZT 6). The hypocaloric-fed group was
given 66% (i.e., 3.6 g) of the daily food intake at ZT 6. A third group of mice fed ad libitum
served as control with a mean spontaneous food intake of 5.4 g. The period of food restriction

lasted 3 wks. Thereafter, the mice were transferred to DD and fed ad libitum for 2 wks. On the
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day of transfer to DD, lights were not switched on at pZT 0 and all the animals received food
ad libitum from pZT 6. Body mass was measured weekly.

For assessment of phase changes in the SCN-controlled nocturnal period of activity, the
onsets of nocturnal locomotor activity were determined during the last 8 days of ad libitum
baseline conditions under LD cycle and from the second to ninth day of ad libitum (re)feeding
in DD (ClockLab). To determine individual phase changes, a linear regression analysis of the
onsets of activity (ClockLab) was performed by projecting the onset phase of the free-run in
DD back to the mean onset phase under LD baseline conditions.

For assessment of the daily pattern of wheel-running activity, the cumulative wheel
revolutions performed during eight 3 h intervals (ClockLab) starting at ZT 0 were determined
during the last 8 days of ad libitum baseline conditions under LD cycle and the last 8 days of
food restriction under LD cycle. Daily activity was defined as the total wheel revolutions per
day averaged for each mouse over these two 8 day periods.

For assessment of the day-night pattern of food intake, food intake was measured by
weighing remaining food pellets with a scale (Fisher Bioblock Scientific, Illkirch, France) at
the nearest 0.1g during 12 h daytime and 12 h nighttime over 24 h at the end of ad libitum
baseline conditions under LD cycle. During the 3rd wk of food restriction, food intake was
measured over 24 h during five 3-h intervals from ZT 0 to ZT 15 and one 9 h interval from
ZT 15to ZT 24.

Circadian oscillations of clock genes

In Experiment 2, mice were exposed to 3 wks of food restriction under LD conditions as
described for Experiment 1, and then transferred to DD (i.e., lights were not switched on at
pZT 0). On this day without light, mice were sacrificed at 3 h intervals starting at projected
time of lights on (i.e., pZT 0; n=4 per time point for a given feeding condition).
Normocaloric-fed and hypocaloric-fed animals (except those already sacrificed at pZT 0, pZT
3 and pZT 6) were provided with respective diets at pZT 6, while control mice had food ad
libitum. After isoflurane anesthesia and decapitation, brains were removed and stored at
-80°C. Trunk blood was sampled to determine blood glucose (Glucotrend premium kit, Roche
Diagnostics, Meylan, France). Antisense and sense RNA probes were generated with an
in vitro transcription kit (Maxiscript, Ambion, USA). Here we used riboprobes of rPerl,
mPer2, mCry2 (from plasmids kindly provided by Dr. H. Okamura, University of Kobe,
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Japan), rVasopressin (VP; see Dardente et al., 2002) and mBmallb. mBmallb CDNA
fragments were PCR-amplified using the following oligonucleotides: 5’--
GCCCCACCGACCTACTCT-3’ and 5-CATCGTTACTGGGACTACTTGAT-3’ (nuc. 55-
1807 of GenBank accession number: AB012601). mBmallb PCR product of the expected size
was cloned into the PCR-Script SK(+) cloning vector (Stratagene Europe, Amsterdam, the
Netherlands). Identity and orientation of the cloned PCR fragment was confirmed by
sequencing (AGOWA sequencing services, Berlin, Germany)., 14 um brain sections were
post-fixed in 4 % phosphate buffered paraformaldehyde, rinsed with phosphate buffered
saline (PBS) and sodium saline citrate (SSC), and then acetylated twice in 0.1 M
triethanol-amine, washed again with SSC and PBS, treated with Tris 0.1 M containing
glycine, rinsed with SSC and PBS, and dehydrated in a graded ethanol series. Sections were
hybridized overnight with either denatured antisense or sense riboprobe in a humid chamber
at 62 °C. Sections were then rinsed with SSC, treated with ribonuclease A (Sigma, St. Louis,
MO), rinsed with stringency washes of SSC, and dehydrated in a graded ethanol series. Slices
and radioactive standards were exposed for one wk to an autoradiographic film (Biomax
MS-1 Kodak; Sigma). Standards were included in each cassette to verify that the measured
values of optical densities were in the linear response range of the film. Densitometric
analysis of hybridization signals was performed with a computerized analysis system
(Biocom RAG200, Les Ulis, France). The optical density of specific signal was calculated by
subtracting the intensity of staining background area (defined as a circle of 100 um diameter)
measured in the anterior hypothalamic area above the SCN from that of a circle of 100 um
diameter measured in the right and left SCN. Measures were made on three consecutive slices
in the rostrocaudal middle of the SCN and averaged for a given brain. Data were expressed as

relative optical density values.

Light-induced behavioral phase shifts

Experiment 3 was designed to test the ability of timed calorie restriction to modulate
light-induced phase shifts of locomotor activity rhythm. Mice were exposed to 3 wks of food
restriction under LD conditions and then transferred to DD, as described for Experiment 1
(hypocaloric-fed vs. fed ad libitum), except that on the first day of DD, animals were placed
for 30 min in a white chamber delivering a light pulse of 100 lux at 3 h intervals starting at
projected ZT 0 (5 hypocaloric-fed mice and 4 mice fed ad libitum per time point). Six
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hypocaloric-fed and 6 mice fed ad libitum that were placed into a dark chamber (0 lux) for
30 min served as dark controls. Assessment of light-induced phase changes in the
SCN-controlled nocturnal period of activity followed the method described above for
determining possible behavioral phase changes in response to restricted feeding.

Responses to light of pineal melatonin and clock genes

In Experiment 4, mice were exposed to 3 wks of food restriction under LD conditions
and then transferred to DD, as described for Experiment 1 (hypocaloric-fed vs. fed ad
libitum). On the first day of DD, food was provided at the usual time and then subgroups of
animals were exposed to a light pulse at projected ZT O, 3, 6, 9, 12, 15, 18 or 21.
Light-exposed mice (4 hypocaloric-fed and 4 fed ad libitum per time point) were sacrificed in
darkness 60 min after the beginning of 30 min light exposure, and dark controls (4
hypocaloric-fed and 3 fed ad libitum per time point) were Killed at the same time in darkness.
After isoflurane anesthesia and decapitation, brains and pineal glands were removed and
stored at -80°C. Pineal melatonin content was determined by radioimmunoassay, as
previously described (Vivien-Roels et al., 1999). In situ hybridization with riboprobes for
Perl and Per2 was performed as above on hypothalamic slices. Plasmids were kindly

provided by Dr. H. Okamura (University of Kobe).

Statistical analysis

Data are presented as means + SEM. Analyses of variance, with or without repeated
measures, were followed by post-hoc comparisons with the Student-Newman-Keuls test. For
a given feeding condition, the daily patterns of gene expression and pineal melatonin were
fitted by a non-linear least-squares regression (SigmaPlot software, Jandel Scientific,
Chicago, USA) to determine the basal level, the mean peak level above basal, the phase and
duration of the peak (i.e., the interval between half maximal values either side of the peak)
using the following logistic equation:
y=y0 + (ymax / ((1 + exp(slopel x (phi —x))) x (1 + exp(slope2 x (x — phi —d)))))
where y is the level of mMRNA, yO is the basal level, ymax is the mean peak level above basal,
slopel is the ascending slope, phi is the time of half increase, slope2 is the descending slope,

and d is the duration of the peak (i.e., the delay between times of half amplitude on increase
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and decrease). The slopes were determined from regression on a first trial run, and then set at
constant values throughout. The effects of the feeding conditions (ad libitum feeding vs.
normocaloric diet, ad libitum feeding vs. hypocaloric diet, and normocaloric vs. hypocaloric
diet) were then assessed by a variance-covariance analysis in which the following parameters
were introduced stepwise according to F-to-enter: Ayo = difference in basal level, Aymax =
difference in amplitude, Apni = difference in phase (delay or advance of time of half increase),
and A4 = difference in peak duration. When all parameters had been added, the final equation
was:

¥ = (Y0 + Ayo) + ((ymax + Aymax) / (1 + exp(slopel x (phi + Aphi — x))) x (1 + exp(slope2 x (x
= phi = Agni = d = Ag))))

The analysis gave the calculated values of Ayo, Aymax, Apni and Aq, and the associated

probabilities. Any effect was considered statistically significant if P<0.05.

Results

Changes in daily pattern of wheel-running activity

At a behavioral level, hypocaloric-fed mice showed changes in their daily pattern of
locomotor activity, characterized by a robust bout of activity prior to the time of feeding and
an alteration of the phase-lock of the nocturnal activity to dark onset (Fig. 21).
Normocaloric-fed mice expressed a small bout of activity prior to the time of feeding and no
apparent change in the timing of nocturnal activity (Fig. 21). Phase changes of the
SCN-controlled rhythm of locomotor activity were assessed during ad libitum refeeding in

DD. While both control mice fed ad libitum and mice fed with a normocaloric diet showed
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Time (h) Time (h)

Time (Days)

Time (Days)

Normocaloric Hypocaloric

Figure 21. Daily wheel-running activity in 2 ad lib-fed mice (left panels), 2 normocaloric-fed
mice (middle panels) and 2 hypocalorcic-fed mice (right panels). First period (I wk) in
constant darkness and ad libitum feeding (DD + AL) ; second period (2 wks) in light-dark
cycle and ad libitum feeding (LD + AL) ; third period (3 wks)in light-dark cycle and food
restriction (LD + FR), and fourth period (2 wks) in constant darkness and ad libitum feeding
(DD + AL). Successive 24 h periods are double-plotted (48 h horizontal time scale).
Nighttime when mice were housed under light-dark conditions is indicated by black bar on
upper abscissa. Time of feeding during food restriction is indicated by a vertical arrow 6 h
after lights on. AL, ad libitum feeding;, DD, constant darkness; FR, food restriction; LD,
light-dark cycle.
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Figure 22. A. Daily pattern of wheel-running activity during the last 8 days in light-dark
cycle and ad libitum feeding (LD + AL, upper panels) and during the last 8 days in light-dark
cycle and food restriction (LD + FR, lower panels). Wheel-running activity is presented as
cumulated wheel revolutions (rev.) during 3 h intervals. *: P<0.05 in bouts of activity for a
given nutritional status between LD + AL and LD + FR; a and b: P<0.05 in activity bouts in
hypocaloric-fed or normocaloric-fed mice compared to ad lib-fed mice, and in
hypocaloric-fed vs. normocaloric-fed mice, respectively. Nighttime is indicated by a black bar
on abscissa. Time of hypocaloric and normocaloric feeding is indicated by a vertical arrow
6 h after lights on. Means +SEM (n = 8 per feeding condition).

B. Daily pattern of food intake (expressed as % daily intake during baseline) in light-dark
cycle and ad libitum feeding (LD + AL, upper panels) and during the 3rd wk of food
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restriction under a light-dark cycle (LD + FR, lower panels). Food intake during baseline
was determined over 24 h at two 12 h intervals, daytime and nighttime. Food intake during
food restriction was measured over 24 h, every 3-h intervals from ZT 0 to ZT 15 and during a
9-h interval from ZT 15 to ZT 24. During food restriction, the normocaloric-fed group
received 100% of daily food intake (i.e., 5.4 g) 6 h after the onset of light and they ate 60 and
40 % of this diet during the afternoon (i.e., from ZT 6 to ZT 12 ) and the night (i.e., from
ZT 12 to ZT 24), respectively. The hypocaloric-fed group was given only 66% of baseline food
intake (i.e., 3.6 g) at ZT 6. This hypocaloric diet was eaten between ZT 6 and ZT 9. Control
mice had a free access to food over the experiment. Statistical analysis of food intake was
performed on the cumulated intake during daytime and nighttime. *, P<0.05 in diurnal or
nocturnal food intake for a given nutritional status between LD + AL and LD + FR; a and b,
P<0.05 in diurnal or nocturnal food intake in hypocaloric-fed or normocaloric-fed mice
compared to ad lib-fed mice, and in hypocaloric-fed vs. normocaloric-fed mice, respectively.
Nighttime is indicated by a black bar on abscissa. Time of hypocaloric and normocaloric
feeding is indicated by a vertical arrow 6 h after lights on. Means + SEM (n = 6 per feeding

condition).

very small behavioral phase shifts (0.1 + 0.1 and 0.6 + 0.2 h, respectively), the phase of
the activity onset was advanced by 3.6 + 0.4 h in hypocaloric-fed mice (P<0.001; Fig. 21).

The endogenous period in DD was not significantly modified by the treatment (baseline
vs. after food restriction, t=23.8 + 0.04 vs. 23.9 + 0.05 h, respectively; P>0.05), nor by the
feeding condition (hypocaloric feeding, normocaloric feeding, and ad libitum feeding, 1=23.8
+ 0.05, 23.8 + 0.04 and 23.9 + 0.07 h, respectively; P>0.05; Fig. 21), and the treatment x
feeding condition interaction was not significant (P>0.05).

During baseline, all mice show a large increase of wheel-running activity at night
(Fig. 22A). The average total number of wheel revolutions during days of baseline was
similar between the 3 nutritional groups (28426 + 2103, 30930 + 2643, and 29377 + 2282
wheel revolutions in hypocaloric-, normocaloric-fed mice, and control mice fed ad libitum,
respectively; P>0.1). In response to food restriction, the average total number of wheel
revolutions was not significantly modified by the nutritional status (31449 + 2639, 28648 +
2506, and 25216 + 1552 wheel revolutions in hypocaloric-fed, normocaloric-fed, and control

ad lib-fed mice, respectively; P>0.1). However, both hypocaloric- and normocaloric-fed mice
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displayed changes in their day-night pattern of activity compared to their activity pattern
during baseline and to the pattern of activity in control mice fed ad libitum. The changes of
activity pattern were more marked in hypocaloric- than in normocaloric-fed mice (Fig. 21,
22A). During the 6 h interval before the time of providing food to normocaloric- and
hypocaloric-fed mice (i.e., from ZT 0 to ZT 6), the so-called food-anticipatory bout of activity
was much larger in the latter group. During the two 3 h intervals following mealtime (i.e.,
from ZT 6 to ZT 12), both groups of mice displayed a higher level of locomotor activity than
that performed at the same time by control mice. During the first 3 h nocturnal interval (ZT
12-15), locomotor activity was slightly decreased in normocaloric- and ad lib-fed mice, while
it was increased in hypocaloric-fed mice compared to respective baseline values. In the last
3 h nocturnal interval (ZT 21-24), the level of wheel-running activity was significantly
reduced in normocaloric-fed mice and, to a larger extent, in hypocaloric-fed mice (Fig. 22A).

Changes in day-night pattern of food intake, body mass and 24 h blood glucose

Daytime and nighttime food intake was modified significantly by time (baseline vs.
food restriction; P<0.001) and feeding condition (hypocaloric feeding, normocaloric feeding,
and ad libitum feeding; P<0.05). Moreover, the time x feeding condition interaction was
significant (P<0.001). During baseline, all mice ate 25 and 75% of their spontaneous daily
food intake during daytime and nighttime, respectively (P>0.1; Fig. 22B). In response to food
restriction, hypocaloric-fed mice ate their diet (66% of baseline intake) within the first 3 h
interval after food was provided (i.e., between ZT 6-ZT 9). Normocaloric feeding led to a
progressive change in the day/night ratio of food intake. During the 3rd wk of food restriction,
daytime food intake in normocaloric-fed mice (61 + 11% of daily intake) was larger than that
of ad lib-fed controls (23 + 2% of daily intake) and not different from that of hypocaloric-fed
mice (66 + 0% of baseline intake; Fig. 22B). Nocturnal food intake was lower in
normocaloric-fed mice (39 + 11% of daily intake) than in ad lib-fed controls (77 + 2% of
daily intake; Fig. 22B).

Body mass was altered significantly by feeding condition (hypocaloric feeding,
normocaloric feeding, and ad libitum feeding; P<0.001) and the 3 wks of food restriction
(P<0.001; Fig. 23A). Body mass decreased only in mice fed with hypocaloric diet (after an

initial loss during the 1st and 2nd wk, amounting —13 + 2 and —20 + 1% of body mass
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Figure 23. A. Changes in body mass (expressed as % of initial body mass at day 0) in
hypocaloric-fed, normocaloric-fed and ad lib-fed mice. DD, constant darkness; LD, light-
dark cycle.

B. Daily changes of blood glucose in hypocaloric-fed, normocaloric-fed and ad lib-fed mice.
Projected zeitgeber time (pZT) 0 and pZT 12 are defined respectively as the projected times of
lights on and lights off in the previous lighting cycle. Data for pZT 0 are double-plotted at
pZT 24. Time of hypocaloric and normocaloric feeding 6 h after lights on is indicated by a

vertical arrow.
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measured at the end of baseline period, respectively, it remained stable at —19 + 1% during the
3 wk of food restriction). During the same 3-wk period, mice fed ad libitum or with a
normocaloric diet slightly increased body mass (3 + 1 and 3 + 1% of body mass measured at
the end of baseline period, respectively). The loss of body mass in hypocaloric-fed mice was
fully recovered by one wk of ad libitum refeeding (Fig. 23A).

Blood glucose was modified significantly by feeding condition (P<0.001) and time of the day
(P<0.001). The decrease of daily blood glucose was much more marked in hypocaloric-fed
mice (-19%) than in normocaloric-fed animals (-6%) compared to control values (159.4 + 4.9,
185.3 £ 4.3 and 197.7 + 4.6 mg/dL, respectively; Fig. 23B).

Changes in expression of clock and clock-controlled genes

At a molecular level, the daily pattern of expression was assessed for four clock genes
(i.e., Perl, Per2, Cry2 and Bmall) and one clock-controlled gene (i.e., VP) across feeding
condition. The daily expression of the mRNA studied was very similar between
normocaloric-fed mice and control animals fed ad libitum, except that the amplitude of Per!/
MRNA was slightly, but significantly higher in the SCN of normocaloric-fed mice (P<0.05;
Fig. 24, 25). By contrast, a number of differences in gene expression were detected in
hypocaloric-fed mice compared to control individuals fed ad libitum or normocaloric-fed
mice. With respect to expression of SCN clock genes, the daily oscillation of Perl in
hypocaloric-fed was damped compared to that in ad lib-fed (P<0.05) and normocaloric-fed
mice (P<0.05). SCN Perl oscillation in hypocaloric-fed mice was phase advanced by 1.4 +
0.4 and 1.1 + 0.4 h compared to that in ad lib-fed (P=0.001) and normocaloric-fed mice
(P<0.01),
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Figure 24. Expression of Perl at projected zeitgeber (pZT) 3, Per2 at pZT 12, Cry2 at pZT 6,
Bmall at pZT 18 and vasopressin (VP) at pZT 3 in the suprachiasmatic nuclei of ad lib-fed
(AL, upper panels), hypocaloric-fed (HF, middle panels) and normocaloric-fed mice (NF,

lower panels). Scale bar = 1 mm.
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Figure 25. Daily profiles of Perl, Per2, Cry2, Bmall and vasopressin (VP) mRNA levels in
the SCN of ad lib-fed vs. normocaloric-fed mice (left column) and of ad lib-fed vs.
hypocaloric-fed mice (right column) and respective fitted curves. Means + SEM (n = 4 per
feeding condition at a given time point) and fitted curves. Stars indicate a significant phase
shift between the 2 curves. Data for projected zeitgeber time (pZT) 0 are double-plotted at
pZT 24. Nighttime is indicated by a black bar on abscissa. Time of hypocaloric and

normocaloric feeding is indicated by a vertical arrow 6 h after lights on. a.u., arbitrary unit.
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respectively. Daily oscillation of Per2 in the SCN of hypocaloric-fed mice was slightly, but
not significantly, phase advanced compared to ad lib-fed (0.6 + 0.3 h ; P=0.07) and
normocaloric-fed mice (0.3 = 0.4 h ; P>0.1). Moreover, in addition to a higher amplitude
(P=0.04) compared to ad lib-fed, but not to normocaloric-fed mice, the phase of Cry2 mRNA
was phase advanced by 3.3 + 0.8 h in hypocaloric-fed vs. ad lib-fed mice (P<0.001) and by
2.3 £ 0.8 h in hypocaloric-fed vs. normocaloric-fed mice (P<0.01). By contrast, the daily
profile of Bmall was similar regardless of feeding condition (Fig. 24). Finally, the phase of
the daily expression of SCN VP was phase advanced by 4.5 + 0.5 h in hypocaloric-fed vs. ad
lib-fed mice (P<0.001) and by 2.8 + 0.5 h in hypocaloric-fed vs. normocaloric-fed mice
(P<0.001).
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Figure 26. A. Daily rhythm of pineal melatonin in ad lib-fed (black circles; n=3 per time
point) vs. hypocaloric-fed mice (open triangles; n=4) and respective fitted curves.

B. Light-induced suppression of plasma melatonin in ad lib-fed (n=4 per time point) vs.
hypocaloric-fed mice (n=4). Time of hypocaloric feeding is indicated by a vertical arrow 6 h
after lights on. Data for projected zeitgeber time 9 are double-plotted.
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Changes in circadian rhythm and light-induced suppression of pineal melatonin

Logarithmic transformation of individual values of pineal melatonin was performed
before comparisons to ensure homogeneity of residual variances. The daily rhythm of pineal
melatonin synthesis was phase advanced in hypocaloric-fed compared to that of ad lib-fed
mive (P<0.002; Fig. 26). The magnitude of the phase advance was larger for the onset (i.e.,
3.2 h) compared to the offset of melatonin synthesis (i.e., 1.3 h). Light-induced suppression of
pineal melatonin assessed over the circadian cycle was not significantly modified by the

nutritional status (hypocaloric diet vs. ad libitum food; P>0.1, Fig. 26).
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Figure 27. Daily wheel-running activity in 3 ad lib-fed mice (upper panels) and 3
hypocaloric-fed mice (lower panels) exposed to a light pulse (LP) at projected zeitgeber time
(pZT) 0 (left panels), pZT 12 (middle panels) and pZT 18 (right panels). First period (2 wks)
in light-dark cycle and ad libitum feeding (LD + AL); second period (3 wks) under a
light-dark cycle with or without food restriction (LD + FR), and third period (2 wks) in
constant darkness and ad libitum feeding (DD + AL) with a light pulse on the first day of
constant darkness. Successive 24 h periods are double-plotted (48 h horizontal time scale).
Nighttime when mice were housed under light-dark conditions is indicated by black bar on
upper abscissa. Time of feeding during food restriction is indicated by a vertical arrow 6 h
after lights on. Light pulse is indicated by circles. AL, ad libitum feeding;, DD, constant
darkness; FR, food restriction; LD, light-dark cycle.
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Altered phase shift responses of locomotor activity rhythm to light

The amplitude and direction of light-induced phase shifts depended on the time of light
exposure (P<0.0001; Fig. 27, 28). The phase response curve to light in control C3H mice fed
ad libitum was characterized by phase delaying and phase advancing regions in the early
(pZT 12-15) and late (pZT 18-24) subjective night, respectively. During most of the
subjective day (pZT 0-6), light exposure led to negligible behavioral phase shifts in control
mice. Unexpectedly, compared to other phase response curves to light in mice (e.g., Schwartz
and Zimmerman, 1990), phase advances were apparent at pZT 9 in C3H mice fed ad libitum.
The shape of the phase response curve to light was dramatically changed in hypocaloric-fed
mice (P<0.0001; Fig. 27, 28). While light-induced phase delays were slightly reduced, phase
advances in late night were more than twice in hypocaloric-fed mice compared to those in ad
lib-fed animals. Moreover, large phase advances were still detectable in hypocaloric-fed mice
exposed to a light pulse during the subjective day, a temporal window which corresponds to
the “dead zone” of the phase response curve to light in control animals fed ad libitum (Fig. 27,
28).
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Figure 28. Phase response curve of locomotor activity rhythm to light exposure in ad lib-fed
(black circles; n=4 per time point) and hypocaloric-fed mice (open triangles;, n=>5 per time

point). Six ad lib-fed and 6 hypocaloric-fed mice not exposed to light served as "dark
controls”. Data for projected zeitgeber time (pZT) 0 are double-plotted at pZT 24.
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Altered responses of clock gene expression to light

In control animals fed ad libitum, light exposure during the subjective night in darkness led

to a marked increase of Per/ mRNA levels in the SCN (P<0.001; Fig. 29, 30). Light induction
of Perl in the SCN of hypocaloric-fed mice was lower in comparison with respective levels in
ad-lib fed mice (P<0.001; Fig. 29, 30). The reduction in light-exposed animals occurred not
only during the night, but also during the day (Fig. 30, upper left panel), as confirmed with a
non-significant feeding condition x time interaction (P>0.5). When compared to respective
dark controls, the reduction of light induction of Perl in hypocaloric- fed mice was detected
during the night (Fig. 30, upper right panel). Light induction of Per2 was also altered in the
SCN of hypocaloric-fed mice compared to that in control mice fed ad libitum (Fig. 29, 30).
Contrary to Perl, there was an overall increased induction of Per2 by light exposure in
hypocaloric-fed mice (P<0.05; Fig. 30, lower left panel). The small increase of Per2 induction
in the SCN of hypocaloric-fed mice was not time-dependent compared to ad lib fed mice also
exposed to light, given that feeding condition x time interaction was not significant (P>0.5;
Fig. 30, lower left panel). When compared to respective dark controls, a larger light induction
of Per2 was detected in the early night (Fig. 30, lower right panel).

Dark AL Dark HF Light AL Light HF

Per1

Per2

Figure 29. Expression of Perl and Per?2 in the suprachiasmatic nuclei of ad lib-fed (AL) and

hypocaloric-fed mice (HF) exposed to a 1 h light pulse (rvight panels) at projected zeitgeber
time (pZT) 18 (Perl) and at pZT 15 (Per2) or kept in dark at the same time points (left

panels). Scale bar = I mm.
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Figure 30. Altered light-induced expression of Perl and Per2 in hypocaloric-fed mice (HF':
open triangles) compared to control mice fed ad libitum (AL: black circles). Left panels: data
are presented as absolute values in light-exposed animals (n=4 per time point per feeding
condition). Right panels: data of light-exposed animals are presented as % of mRNA levels of
mice not exposed to light (for each time point, 3 dark controls fed ad libitum and 4 dark
controls previously fed with hypocaloric diet). Time of feeding during food restriction is
indicated by a vertical arrow 6 h after lights on. a.u., arbitrary unit. Data for projected
zeitgeber time (pZT) 0 are double-plotted at pZT 24. The effect of feeding condition (AL vs.
HF) for Perl and Per?2 in light-exposed animals was significant at P<0.001 and P<0.05,
respectively, while the interaction between feeding condition and time was not significant in

both cases. * P<(.05 according to feeding conditions for a given time point.
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Discussion

To our knowledge, this is the first study in which a synchronizer is shown to compete
with entrainment to LD cycle, both at the behavioral and molecular levels. Contrary to daily
normocaloric feeding, timed hypocaloric feeding modifies clock gene expression in the SCN
and the phase of three outputs from the SCN (i.e., VP mRNA oscillation, daily rhythms of
locomotor activity and pineal melatonin). Moreover, both temporal gating of light-induced
phase shifts and light induction of Perl are deeply modified with daily hypocaloric feeding.
These results thus demonstrate that repetitive food-related/metabolic cues interact with

entrainment of the SCN to light.

No phase shifting effect of normocaloric feeding

Normocaloric feeding presented at midday did not modify the daily expression of clock
genes in the SCN, or the timing of two circadian outputs, P mRNA oscillation and
locomotor activity rhythm. These variables were assessed in DD to prevent masking effects of
light on clock-controlled parameters. Some changes, however, were detected on the daily
pattern of wheel-running activity measured during normocaloric feeding under LD cycle. In
keeping with the increased daytime food intake and its nocturnal decrease, locomotor activity
was increased in early afternoon (i.e., after mealtime) and reduced in late night. The lack of
significant shift of activity rhythm in DD suggests that the changes in activity distribution
under LD cycle are not directly controlled by the SCN. Normocaloric feeding schedule also
led to a post-prandial decrease of plasma glucose in late afternoon (Fig. 23). Even though the
ratio of daytime/nighttime intake is then less drastic than that in daytime restricted feeding
(that is, a food access strictly restricted to daytime) as used by others (Damiola et al., 2000;
Hara et al., 2001; Stokkan et al, 2001; Wakamatsu er al., 2001), neither normocaloric
feeding, nor daytime restricted feeding under LD cycle affect clock gene expression within
the SCN.
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Phase shifting effects of hypocaloric feeding

In contrast, timed hypocaloric feeding led to alterations in timing of the SCN clock:
Perl and Cry2 mRNA oscillations were phase advanced by 1.4 and 3.3 h, respectively, while
Per2 and Bmall oscillations remained essentially unchanged. Moreover, oscillation of VP
MRNA in the SCN, considered as a circadian output controlled by CLOCK/BMAL1 (Jin et
al., 1999), was phase advanced by 4.5 h. Finally, when animals were transferred to DD, the
onset of the nocturnal locomotor activity was phase advanced by 3.6 h in hypocaloric-fed
mice. The earlier nocturnal activity onset in calorie-restricted mice confirms previous findings
(Challet et al., 1998d; Holmes and Mistlberger, 2000; Sharma et al., 2000).

The behavioral phase advance in calorie-restricted mice cannot be ascribed to a
shortening of t, because no changes were detected before vs. after food restriction. Nor can it
be explained by transient hyperactivity it produces, although such bouts of activity during the
subjective day can induce phase shifts of the SCN clock in nocturnal rodents (Mrosovsky et
al., 1989; Van Reeth and Turek, 1989; Marchant ef al., 1997). The food-anticipatory bout of
activity that hypocaloric-fed rodents expressed before mealtime was initially considered to
play a role in the behavioral phase advance. However, when food-anticipatory activity was
prevented by daily immobilization, hypocaloric feeding was still capable of inducing a
behavioral phase advance, indicating that food-anticipatory activity is not critical in mediating
the phase shifting effects of a hypocaloric diet (Challet ez al., 1998d). Furthermore, because
mice fed ad libitum and stressed on a daily basis showed no behavioral phase advance, a daily
stress cannot account for the shifting effects of hypocaloric feeding (Challet ez a/., 1998d).

The distribution of wheel-running during the active period affects the phase angle of
photic synchronization (Mistlberger and Holmes, 2000). A higher amount of activity in early
nocturnal period was associated with a 30 min advance in the phase angle of photic
synchronization and a shortening of t. Therefore, the slight increased running activity
detected in hypocaloric-fed mice in the first 3 h nocturnal period (and/or the activity decrease
in the late night) may participate in the phase advancing properties of timed hypocaloric
feeding. However, hypocaloric feeding did not change t. Moreover, an activity decrease in
late night, although to a lesser extent, was also observed in normocaloric-fed mice that did not
show significant behavioral phase advances. Taken together, these data indicate that if
behavioral changes play a role in the phase advancing effects of hypocaloric feeding, they
cannot be the only factors involved, suggesting that metabolic factors are in that case
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predominant. Another finding supporting this metabolic hypothesis is that phase advances are
induced whatever the time of the day (day or night) at which hypocaloric diet is given
(Challet et al., 1998d).

Serotonergic inputs from raphe nuclei and NPYergic projections from intergeniculate
leaflets are neuronal pathways that have been shown to convey nonphotic signals to the SCN
(e.g., Marchant et al, 1997). These pathways and projections from the ventromedial
hypothalamic nuclei may also participate in transmitting nonphotic cues associated with
hypocaloric feeding signals to the SCN (Challet and Pevet, 2003).

Effects of hypocaloric feeding on SCN gene expression

While three outputs studied (i.e., VP expression, rhythms of locomotor activity and
pineal melatonin) displayed significant phase advances, there were discrepancies between the
phase-relationships of the clock genes studied in the SCN of hypocaloric-fed mice. Direct
effects of food intake (i.e., masking effects) are unlikely to explain these various
phase-relationships in the SCN of animals that were still fed on the day of sacrifice because
food intake per se does not affect clock gene expression in the SCN (Damiola et al., 2000;
Stokkan et al., 2001). Transient alterations between oscillations of different clock genes
(Reddy et al., 2002; Nagano et al., 2003) and between clock gene oscillation and behavioral
outputs have been already reported following rapid changes in LD cycle (Nagano et al., 2003,
Vansteensel et al., 2003). Direct and conclusive implication of one or another clock gene in
the control of behavioral outputs and the precise mechanisms leading to a complete and stable
rephasing of clock genes still await clarification.

While Perl and Cry2 mRNA levels were phase advanced, the daily oscillation of Per2
and Bmall in calorie-restricted mice matched closely that of control fed animals. When the
photic zeitgeber is changed by lengthening or shortening the photoperiod, the phase and
duration of Perl expression in the SCN are markedly modified accordingly, while Bmall
expression remains centered to the dark period with no change in duration. This difference
observed both in hamsters (Tournier et al., 2003) and sheep (Lincoln et al., 2002) indicates
that the duration of Bmall oscillation is kept constant and its timing is phase-locked to the
middle of the nighttime when parameters of the photic synchronizer (photoperiod) are
modified. A differential effect between phasing of Perl and Bmall is also observed here in

the case of a competition between light and feeding/hypocaloric cues.
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Because VP transcription is driven by CLOCK/BMAL1 heterodimers (Jin et al., 1999),
the lack of phase shift in Bmall transcription concomitant with a 4 h phase advance in VP
oscillation is puzzling. Calorie restriction may modify the timing of protein synthesis and/or
phosphorylation, so that initiation of VP transcription occurs earlier than normally imposed by
photic synchronization. Alternatively, if Bmall oscillation is a phase marker of the SCN
clock, the clock core may be considered in phase in both calorie-restricted and ad lib-fed
mice, implying that the lag within the SCN concerns more specifically the temporal coupling

of the clock core to the outputs.

Behavioral circadian responses to light

Light exposure in the early and late subjective night induces subsequent phase delays
and advances, respectively (Daan and Pittendrigh, 1976). Our aim was to understand the
behavioral phase advance expressed in rodents fed with a hypocaloric diet and exposed to LD
cycle (Challet er al.,, 1997c; 1998d). The shift may result from competing food and light
synchronizers on the circadian molecular loops. Alternatively, considering that a restricted
feeding does not provide temporal cues to the SCN, the hypometabolic state in response to
chronic calorie restriction may lead to a decreased suprachiasmatic sensitivity to light
resetting. Indeed, low glucose availability can reduce circadian phase shift responses to light
(Challet et al., 1999). Because plasma glucose is decreased in hypocaloric-fed mice
(Fig. 25B), we expected reduced light-induced phase shifts with a hypocaloric feeding.
Actually, light resetting properties after timed calorie-restriction are not decreased, but
increased over the daily cycle. This finding thus suggests that decreased glucose availability
cannot fully explain the data because, although light-induced phase delays were more or less
reduced, light-induced phase advances were clearly increased. Moreover, there was no
advance of the whole phase response curve to light.

Stress does not affect light resetting (Meerlo ez al., 1997; Challet et al., 2001) and thus cannot
account for the altered responses to light due to hypocaloric feeding. Moreover, hypocaloric
feeding led to changes in daily wheel-running activity. Spontaneous or triggered
wheel-running activity generally reduces (Ralph and Mrosovsky, 1992; Mistlberger and
Antle, 1998) or leaves unchanged light-induced phase shifts (Mistlberger and Holmes, 2000).
Thus, a behavioral modulation does not appear to readily explain the increased photic
resetting in hypocaloric-fed mice. Nevertheless, the present data clearly indicate that the
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phase advances induced by hypocaloric restricted feeding may in part be explained by altered

photic gating of the clock.

Molecular circadian responses to light

Synchronization of the SCN to light is coupled with transcriptional mechanisms
involving up-regulation of Per mMRNA levels. Light exposure activates expression of Per! and
Per2 in the SCN during the night, when light also induces behavioral phase shifts (Albrecht et
al., 1997; Shigeyoshi et al., 1997).

In hypocaloric-fed mice, there was a clear reduction in the induction of Perl/
transcription by light exposure while induction of Per2 was slightly increased. This
differential effect supports the hypothesis that both genes play different functions in the
synchronization of the SCN clock (e.g., Albrecht ez al., 2001). For both genes, the effect in
absolute values was not phase dependent but global over the daily cycle. As for the behavioral
approach, these results suggest that timed calorie restriction leads to chronic (i.e., tonic)
effects on the SCN clock.

Contrary to temporal restricted feeding, timed calorie restriction competes with
entrainment to LD cycle, as evidenced by altered circadian oscillations of clock and
clock-controlled genes in the SCN and circadian responses to light. A better understanding of
how calorie restriction impacts on the temporal patterns of transcriptional activity in the SCN
cells will be useful to characterize the control of energy metabolism on circadian rhythmicity

and its entrainment to light.
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Il. Second part:

Localisation and subtype of the 5-HT receptor(s) involved in the photic-like
effects of 5-HT agonists in the rat

Introduction

The results presented in the first part, raise the question of how the chronic metabolic
cues can influence the light entrainment and more particularly which neuronal system could
convey this information to the SCN?

The 5-HT afferences to the SCN could be implicated in the resetting effects of the timed
caloric restriction since a lesion of these afferences with the specific 5-HT neurotoxin,
5,7-DHT, is able to block the phase advances of the locomotor activity and body temperature
rhythm induced by this factor (Challet er al., 1997e). Moreover, the link between food
restriction and 5-HT is well documented. Acute and long-term application of food restriction
as well as fasting have been shown to increase brain 5-HT metabolism. Indeed, the brain
tryptophan concentration due to an increase of the uptake in blood, was increased in food
restricted animals (Kantak ez al., 1978; Kohsaka et al., 1980). Tryptophan being the precursor
of the 5-HT, subsequent increase of 5-HT brain concentration has also been observed in rats
after food restriction (Curzon et al., 1972; Kantak et al., 1978) and more precisely in the
hypothalamus (Fuenmayor and Garcia, 1984; Schweiger et al., 1989). Moreover, 5-HIAA, a
metabolite of the 5-HT release, has also been demonstrated to increase in the whole brain
(Curzon et al., 1972; Kohsaka et al., 1980; Schweiger et al., 1989) and in the hypothalamus
(Fuenmayor and Garcia, 1984) of food restricted rats. In addition, more recent studies
demonstrated that the density of the 5-HT transporters in the forebrain of the food restricted
rodents is lower compared to ad libitum fed animals (Zhou et al., 1996; Huether et al., 1997).
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The 5-HTyg receptors which regulate 5-HT release at a presynaptic level, show a decrease
sensitivity specifically in the hypothalamus after a 4 weeks period of food restriction (Gur et
al., 2003). Altogether these data suggest an increase in the 5-HT synaptic concentration
induced by food restriction.

In addition, 5-HT agonists in rats induce photic-like resetting effects of the locomotor
activity rhythm with a phase delay when administered at the beginning of the subjective night
and a phase advance when applied at the end of the subjective night and no effect when
applied during the subjective day (Kennaway et al., 1996; Kennaway and Moyer, 1998, 1999;
Kobhler et al., 1999). Moreover, the expression of c-Fos and two clock genes are induced by
5-HT agonists during the night (Varcoe et al., 2003). Considering that 5-HT availability is
increased by food restriction and that 5-HT has photic-like effects in rats, this raises the
hypothesis that in hypocaloric-fed animals the increased level of 5-HT could potentiate the
synchronizing effects of light. This could explain the increase of light effects observed in
hypocaloric-fed mice on locomotor activity rhythm at the end of the subjective night. We thus
decided to study the neuronal mechanisms of the photic-like effects of 5-HT in rats to see how
this transmitter could enhance the light input to the SCN. The results obtained are presented in
the following two articles.

140



Article 2

Involvement of the retinohypothalamic tract in the photic-like effects of the 5-HT

agonist quipazine in the rat

Caroline Graff, Markus Kohler, Paul Pévet and Franziska Wollnik

Neuroscience (2005) 135 : 273-83.
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Abstract

Light is the major synchronizer of the mammalian circadian pacemaker located in the
suprachiasmatic nucleus (SCN). Photic information is perceived by the retina and conveyed to
the SCN either directly by the retinohypothalamic tract (RHT) or indirectly by the
intergeniculate leaflet (IGL) and the geniculohypothalamic tract (GHT). In addition, serotonin
(5-HT) has been shown to affect the SCN by both direct and indirect 5-HT projections from
the raphe nuclei. Indeed, systemic as well as local administrations of the 5-HT agonist
quipazine in the region of the SCN mimic the effects of light on the circadian system of rats,
i.e., they induce phase advances of the locomotor activity rhythm as well as c-FOS expression
in the SCN during late subjective night. The aim of this study was to localize the site(s) of
action mediating those effects. Phase shifts of the locomotor activity rhythm as well as c-FOS
expression in the SCN after subcutaneous (s.c.) injection of quipazine (10 mg/kg) were
assessed in Lewis rats, which had received either radio-frequency lesions of the
intergeniculate leaflet (IGL) or infusions of the 5-HT neurotoxin 5,7-dihydroxytryptamine
(5,7-DHT) into the SCN (25 pg/SCN) or bilateral enucleation. Lesions of IGL and 5-HT
afferents to the SCN did not reduce the photic-like effects of quipazine, whereas bilateral
enucleation and the subsequent degeneration of the retinohypothalamic tract (RHT) abolished
both the phase shifting and the FOS-inducing effects of quipazine. The results indicate that

photic-like effects of quipazine are mediated via the RHT.

Introduction

In mammals, the suprachiasmatic nuclei (SCN) of the hypothalamus contain the major
pacemaker, which generates and regulates circadian rhythms (Moore, 1983; Morin, 1994).
The most effective synchronizer of the circadian clock in the SCN is the light-dark (LD) cycle
that resets the pacemaker every day (Pittendrigh and Daan, 1976). However, the circadian
system can also be reset and entrained by various non-photic stimuli such as access to a
running wheel (Mrosovsky et al., 1989) or arousal due to daily injections of triazolam, a
benzodiazepine (Van Reeth and Turek, 1989).

According to the current state of knowledge (Moga and Moore, 1997; Morin, 1994),
there are three major inputs to the SCN: (i) the retinohypothalamic tract (RHT), a direct
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projection from the retina to the SCN (Moore and Lenn, 1972), which releases glutamate
(Ebling, 1996) and pituitary adenylate cyclase-activating polypeptide (PACAP) (Hannibal et
al., 1997) as neurotransmitters, (ii) the geniculohypothalamic tract (GHT), an indirect
projection originating in the retinorecipient intergeniculate leaflet (IGL) (Card and Moore,
1989), which releases neuropeptide Y (NPY) and y-aminobutyric acid (GABA) (Moore and
Speh, 1993) and (iii) a dense serotonergic input both directly from the median raphe nucleus
(MRN) to the SCN and indirectly from the dorsal raphe nucleus (DRN) to the IGL (Azmitia
and Segal, 1978; Moga and Moore, 1997; Hay-Schmidt ez al., 2003). Furthermore, a tract
connecting the retina with the DRN has been demonstrated in rats (Kawano et al., 1996).
Although this pathway has not been detected in golden hamster (Morin, 1994), it indicates
that, in the rat, photic information reaches the DRN and consequently may affect the circadian
clock through the serotonergic inputs to the SCN and/or the IGL.

Data obtained in hamsters and rats indicate that the role of the 5-HT system is species
dependent (Kohler ez al., 2000). In hamsters, for example, systemic injections of 5-HT
agonists such as 8-hydroxy-2-(di-n-propylamino)tetralin (8-OH-DPAT, a 5-HT1a; agonist)
induce phase advances during the subjective day (Tominaga et al., 1992b; Cutrera et al.,
1996). Furthermore, phase advances induced by triazolam injections and arousal due to saline
injections, but not novel-wheel running, are reduced by depletion or blockade of serotonergic
transmission (Meyer-Bernstein and Morin, 1998). These results demonstrate the involvement
of the 5-HT system in the phase resetting effects of non-photic stimuli observed during
subjective day. Moreover, during subjective night, 5-HT has been reported to reduce photic
effects on the hamster circadian system, including light-induced phase shifts of locomotor
activity rhythm (Rea et al., 1994), increase in cellular firing (Ying and Rusak, 1994) and
stimulation of c-FOS protein immunoreactivity (ir) in SCN cells (Selim et al., 1993).

In rats, on the other hand, 5-HT enhances photic responses. Systemic injections of 5-HT
agonists such as quipazine or the more specific 5-HT,c agonists (+)-1-(4-iodo-2,5-
dimethoxyphenyl)-2-aminopropane (DOI) and 1-(3-chlorophenyl)-piperazine HCI (mCPP)
have been shown to mimic the phase shifting effects of light on the circadian rhythms of
locomotor activity (Kohler ez al.,, 1999) and melatonin (Kennaway et al., 1996; Kennaway
and Moyer, 1998, 1999). Furthermore, it has been shown that similar to light, quipazine and
other 5-HT agonists injected in the periphery or in the SCN region induce c-FOS expression

in the ventrolateral area of the SCN during subjective night, but not during subjective day
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(Moyer et al., 1997; Kennaway and Moyer, 1998, 1999; Kalkowski et al., 1999; Kohler et al.,
1999; Varcoe et al., 2003).

However, in in vitro studies on rat SCN slices, no photic-like effects have been
observed. On the contrary, non-photic effects of 5-HT agonists have been demonstrated
(Prosser et al., 1990, 1993). In addition, quipazine, in vitro, failed to induce c-fos mMRNA
during subjective night (Prosser et al., 1994b). These differences between the in vivo and in
vitro data open questions concerning the pathway(s) involved in the photic-like effects of
quipazine and other 5-HT agonists.

The photic-like effects of quipazine and other 5-HT agonists could be due to a direct
action on the SCN neurons through postsynaptic 5-HT receptors, the 5-HT,c receptor being
the most likely candidate (Kennaway et al., 2001). An alternative explanation would be that
5-HT affects the SCN at a presynaptic level. Possible targets include 5-HT receptors located
on fibers (either RHT, GHT or 5-HT fibers from raphe nuclei) ending on SCN cells. The main
focus of this study was thus to solve this issue by analyzing the photic-like effects of
quipazine (phase shifting effect and c-FOS protein expression) in animals bearing lesions of
either the RHT, the GHT, or specific destruction of the serotonergic input to the SCN.

Materials and Methods

Animals

Male rats of the inbred strain LEW/Ztm (albino) were housed individually in plastic
cages (35 x 55 x 15 cm) equipped with a running wheel (diameter 35 cm, width 10 cm) under
standard laboratory conditions (LD 12:12, lights on at 07:00 h, 20 + 1°C, 50 + 5% relative
humidity) with food and water ad libitum for at least 2 weeks before the start of the
experiments. Running wheel revolutions were recorded by a computer and collected in 5-min
bins. All experiments with animals were performed in accordance with European
Communities Council Directive of November 24, 1986 (86/609/EEC) as well as in
accordance with the German law. All efforts were made to minimize the number of animals

used and any potential suffering.
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Surgical procedures

Bilateral IGL lesions

Bilateral IGL lesions were performed on animals weighing 332 + 4 g. Ten minutes prior
to surgery the animals received an intraperitoneal (i.p.) injection of atropine sulfate
(0.1 mg/kg, Wirtschaftsgenossenschaft Deutscher Tierédrzte; Garbsen, Germany) in order to
diminish the mucous pulmonary secretion and avoid severe hypoxemia. The animals were
then anesthetized (100 mg/kg ketamine hydrochloride, CeVa Tiergesundheit GmbH,
Dusseldorf, Germany, and 4 mg/kg xylazine, Bayer, Leverkusen, Germany, intramuscular:
i.m.) and placed in a Kopf stereotaxic instrument with the incisor bar set at -3.5 mm below the
interaural line (Challet er al., 1996b). IGL lesions were made by applying a 500 KHz
radio-frequency current for 1 min (first group of n = 9 animals) or 2 min (second group of
n =7 animals) through the tip (diameter = 0.25 mm) of a temperature-monitoring electrode
(Radionics model RFG-4A Research RF, Radionics, Burlington, MA) with the temperature at
the electrode tip set to 80°C. In the first group, bilateral IGL lesions were made at two
rostro-caudal levels, i.e., 4.1 and 4.7 mm posterior to bregma, 4.4 mm lateral to the midline
and 4.9 mm below the dura. In the second group an additional lesion was aimed at 4.7 mm
posterior to bregma, 3.7 mm lateral to the midline and 5.5 mm below the dura. A similar
procedure was used in 8 sham-operated rats, except that the electrode was lowered only to

2.9 mm below the dura and no current was passed through the electrode.

5-HT depletion

Lesions of the 5-HT terminals within the SCN were performed following the technique
developed by Cutrera et al. (1994), on 9 animals weighing 261 + 8 g. The animals received an
I.p. injection of desmethylimipramine (20 mg/kg, Sigma, Steinheim, Germany) 30 min prior
to surgery to protect catecholaminergic terminals (Bjorklund et al., 1975) followed by an i.p.
injection of atropine sulfate 20 min later. Surgery was conducted stereotaxically under deep
anesthesia (100 mg/kg ketamine hydrochloride and 1 mg/kg diazepam, Ratiopharm GmbH &
Co, Ulm, Germany) with the incisor bar set at +5mm above the interaural line.
Microinjections of the serotonin specific neurotoxin 5,7-dihydroxytryptamine creatinine
sulphate (5,7-DHT, Sigma, Steinheim, Germany) or vehicle (0.5% ascorbic acid, Merck,
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Rathway, NJ) were delivered bilaterally into the SCN (25 pg 5,7-DHT in 0.2 pl vehicle per
side) via a 1 ml Hamilton syringe. Serotonergic lesions of the SCN were made with the
syringe positioned at a 2° angle at two rostro-caudal levels: 2.0 mm and 2.4 mm anterior to
bregma, 0.7 mm lateral to midline, and 8.9 mm ventral to dura. Microinjections were made
over a 1 min period and the cannula was left in place for 5-10 min to reduce neurotoxin
leakage into the needle tract. Sham-operated rats (n = 4) received bilateral microinjections of

vehicle only.

Biocular enucleation

Five rats were subjected to bilateral enucleations under deep anesthesia (100 mg/kg

ketamine hydrochloride and 1 mg/kg diazepam).

Experimental protocol

After post-surgical recovery, the animals were returned to their running-wheel cages
and transferred to constant darkness (DD) for at least ten days before receiving the first
injection. 1GL-lesioned and 5-HT-lesioned animals first received an injection of quipazine
(Sigma-Aldrich Chemie GmbH, Deisenhofen, Germany; 10 mg/kg subcutaneous: s.c.) and
3 weeks after, an injection of vehicle (saline). The last quipazine injection, 3 weeks after the
saline injection, was followed by a transcardiac perfusion. A first group of enucleated and
control animals received an injection of either quipazine or saline and were maintained at
least 10 days in DD to analyze the locomotor activity rhythm. Another group of enucleated
and control rats received at least 10 days after transfer to DD a quipazine injection followed
by a transcardiac perfusion to analyse c-Fos expression. Using a darkroom light source
(<0.5 lux, Kindermann, Berlin, Germany), all injections were performed at circadian time
(CT) 22, CT 12 being defined as the onset of the active period. We chose CT 22 because
phase shifts as well as c-FOS expression were highest at this circadian phase compared to
other CTs (Kohler et al., 1999).
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Histological procedures, control of the lesions and immohistochemical procedures

At the end of the experiment, the animals were deeply anesthetized 2 h after the last
quipazine injection at CT 22 and transcardially perfused with 200 ml phosphate-buffered
saline (0.1 M PBS, pH 7.4) containing 0.1% heparin (Roth, Karlsruhe, Germany) followed by
200 ml 4% paraformaldehyde in 0.1M PBS, pH 7.4. The brains were removed, post-fixed in
the same fixative for 24 h and then cryoprotected in 30% sucrose in PBS for 3 days. The
brains were cut on a freezing microtome and collected in 0.1M PBS containing 0.1% Triton
X-100 (PBST). In order to check the completeness of the IGL lesions, 30 um brain sections
were cut through the SCN and the IGL. Alternate sections of the SCN were processed for
immunohistological localization of NPY and c-FOS, sections of the IGL for NPY only. For
the 5,7-DHT-treated animals, alternate SCN sections were processed for 5-HT and c-FOS
immunohistochemistry. In the third group (bilateral enucleation), 35 um SCN sections were
processed for c-FOS immunohistochemistry only. Immunohistological localization of 5-HT,
NPY and c-FOS was done using standard procedures. Briefly, free-floating sections were
rinsed in PBST and then incubated in NPY primary antibody (Peninsula, San Carlos, CA,
USA, 1:1000 in PBST), 5-HT primary antibody (Oncogene, San Diego, CA, USA, 1:20000)
or c-FOS primary antibody (Calbiochem, Schwalbach, Germany, 1:10000) for 18 h at room
temperature. Sections were then reacted using the Vectastatin ABC kit (Vector Laboratories,
Burlingame, CA, USA) with diaminobenzidine as the chromogen.

To determine IGL lesion extent, NPY-ir cells were counted throughout the rostrocaudal
extent of the IGL. 100% IGL lesions were defined as those in which NPY-ir cells were totally
absent. Furthermore, the area of NPY-ir fibers within both SCN was analyzed in 10
alternating sections from the mid-caudal part of the SCN using a computerized image system
(Softimaging, Minster, Germany). First, an area of interest was defined by outlining the
borders of each SCN. Then, a data filter and a threshold level were determined such that only
stained fibers were detected. Finally, the mean area of NPY-ir fibers for each animal was
calculated from measurements of 10 bilateral SCN sections.

To determine 5-HT lesion extent, the mean area of 5-HT-ir fibers within the SCN was
quantified with the same method. 100% 5-HT lesions were defined as those in which 5-HT-ir
fibers were totally absent from the SCN, while the average area of the sham-operated animals
was defined as a 0% lesion. Extent of lesions was then calculated for each animal in reference

to the average area of the 100% lesion animals.
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The expression of c-FOS-ir was also determined using the computerized software system. In
this case the mean area of c-FOS-ir was assessed within a pre-defined area of interest (400 x

260 pm?) placed within the ventral subfields of 10 bilateral SCN sections.

Behavior analyses

Eye-fitted lines through the daily onsets (CT 12) of activity were drawn by two observers
without knowledge of the treatment for the 10 days before and after treatment (saline or
quipazine). The phase shifts were defined as the average difference between the two lines on
the day after the injection. The endogenous period (t) was determined on these 10 days before

and after the treatment.
Statistics

Statistical comparisons between surgery and treatments were performed using a
two-factor analysis of variance (ANOVA) with repeated measurement when different

injections were performed in the same animal. In the case of significant main effects or

interactions, the Tukey HSD test was used for post hoc comparison of means.
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Results

Histology

IGL lesions

Complete lesions of the IGL included adjacent portions of the dorsal and ventral
geniculate nuclei (DGL and VLG, respectively) and may have also damaged borders of
hippocampus, fimbria, reticular thalamic nucleus, subgeniculate nucleus, peripeduncular
nucleus, zona incerta and optic tract. Fig. 31 shows representative coronal sections of a
sham-operated rat and an animal bearing complete bilateral lesion of the IGL, along with
sections of the corresponding SCN to illustrate NPY-ir in the SCN. In sham-operated animals,
there was extensive NPY-ir in the ventrolateral, retinorecipient area of the SCN as well as in
the dorsomedial part of the middle and caudal SCN. In IGL-lesioned animals, lesion size was
confirmed by the reduction or complete absence of NPY-ir fibers and terminals in the SCN.
After quantification of NPY-ir in the SCN, lesioned animals were divided into two groups: (i)
those with only partial IGL lesions (n= 9, < 75% of NPY-ir decrease): the “partially
IGL-lesioned” group and (ii) those with almost complete IGL lesions (n =7, > 75% of NPY-ir
decrease): the “wholly IGL-lesioned” group. This last group contains two animals with
complete IGL lesion (100% disappearance of the NPY-ir fibers), whose responses to
quipazine (phase advance of the locomotor activity and c-Fos expression in the SCN) are very

similar to other animals in this group.
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Figure 31. Representative photomicrographs showing NPY-ir cell in the IGL (4, B) and
NPY-ir fibers in the SCN (C, D) of a sham-operated rat (A, C) and a rat with a complete IGL
lesion (B, D). DLG = dorsal lateral geniculate, VLG = ventral lateral geniculate, OC = optic
chiasm, 3V = third ventricle. Scale bar =250 um for A, 1 mm for B and 100 um for C and D.

5-HT depletion

Microinjections of 5,7-DHT into the SCN significantly reduced 5-HT terminals within
the SCN and surrounding areas as determined by immunohistological methods (Fig 32A,B).
Sham-operated animals showed a dense plexus of 5-HT-ir fibers in the ventral part of the
SCN (Fig. 32A), while the SCN of completely lesioned animals was devoid of essentially all
5-HT-ir fibers (Fig. 32B). There was some variability, because 5-HT fibers were not

completely eliminated in all animals. After quantification of 5-HT-ir in the SCN, lesioned
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Figure 32. Representative photomicrographs showing 5-HT-ir fibers in the SCN of a
sham-operated rat (A) and an animal bearing a complete neurotoxic lesion after 5,7-DHT

injection into the SCN (B). OC = optic chiasm, 3V = third ventricle. Scale bar = 100 um.

animals were divided into two groups: (i) those with only partial 5-HT-lesions (n =4, < 75%
of 5-HT-ir decrease): the “partially 5-HT-lesioned” group and (ii) those with almost complete
lesions (n= 5, > 75% of 5-HT-ir decrease): the “wholly 5-HT-lesioned” group. The
attribution of these groups, based on the percentage of fibers remaining after the lesion, is
justified by the results of Cutrera er al. (1994) in which the physiological responses were
abolished after the degeneration of at least 80% of the 5-HT fibers. Moreover, this group
contains four animals with complete 5-HT lesion (100% disappearance of the 5-HT-ir fibers),
whose responses to quipazine (phase advance of the locomotor activity and c-FOS expression
in the SCN) closely resemble to those of the other animals in this group.

Biocular enucleation
As confirmed by brain sections analyzed for c-FOS-ir in the SCN, bilateral enucleation

produced a major degeneration of the optic nerve, including the optic chiasm and the RHT, as

previously described (Moore and Lenn, 1972).
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Circadian activity parameters

IGL lesions

Representative activity records for sham-operated and 1GL-lesioned rats that received
injections of quipazine or saline at CT 22 are shown in Fig. 33. Both IGL-lesioned and
sham-operated rats showed large phase advances after quipazine treatment at CT 22, while
saline injections had no effect. Fig. 34 shows mean phase shifts induced by quipazine and
saline for sham-operated, “partially 1GL-lesioned” (IGL-Xp) and “wholly IGL-lesioned”
(IGL-Xw) animals. Two-way ANOVA revealed a significant effect of quipazine treatment
(Finjection (1,21) = 81.99, p <0.001). However, there were no significant differences either
between groups (sham-operated vs “partially IGL-lesioned” vs “wholly IGL-lesioned”, Fsurgery
(2,21) = 2.62, n.s.) or between surgery and injection (Fsurgeryfinjection (2,21) = 0.14, n.s.).
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Figure 33. Double-plotted wheel-running activity records of sham-operated (A) and
IGL-lesioned (B) rats before and after subcutaneous injections of quipazine (10 mg/kg) or
saline at CT 22. Lines on the vertical axes denote 5-day intervals, whereas numbers on the
horizontal axes denote time of day. To visualize phase shifts of the activity rhythm, eye-fitted
lines are drawn through the onset of the activity rhythm before and after treatment. Treatment

times (quipazine or saline) are indicated by asterisks.
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Figure 34. Comparison of phase shifts (means + SEM: standard error of mean) observed
after saline (open bars) or quipazine (closed bars) injections at CT 22 in sham-operated
(m=238), “partially IGL-lesioned” (IGL-Xp;, n = 9) and “wholly IGL-lesioned” (IGL-Xy;,
n = 7) animals. *p < 0.001, post-hoc Tukey HSD test.

In all groups, the differences between endogenous period (t) of the locomotor activity
before and after injections were calculated (before — after). One way ANOVA revealed a
significant effect of the treatment (quipazine vs saline, Finjection (1,21) = 6.64, p < 0.05), a
significant difference between groups (sham-operated vs “partially IGL-lesioned” vs “wholly
IGL-lesioned”, Fsygery (2,21) = 3.61, p < 0.05) and between surgery and injection
(Fsurgeryrinjection (2,21) = 12,46, p < 0.01). However, t differences never exceeded + 0.11 h in
sham-operated animals (after quipazine and saline injections, respectively 0.1 + 0.03 h and
-0.02 + 0.02 h), “partially IGL-lesioned” animals (after quipazine and saline injections,
respectively 0.1 + 0.02 h and 0.08 + 0.03 h) and “wholly IGL-lesioned” animals (after
quipazine and saline, respectively 0.06 + 0.02 h and 0.11 + 0.02 h). Thus, those variations in t
cannot explain the advances of the locomotor activity onset observed in all groups after

quipazine injection.
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Figure 35. Double-plotted wheel-running activity records of sham-operated (A) and
5-HT-lesioned (B) rats before and after subcutaneous injections of quipazine (10 mg/kg) or

saline at CT 22. Treatment times (quipazine or saline) are indicated by asterisks.
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Figure 36. Comparison of phase shifts (means = SEM) observed after saline (open bars) or
quipazine (closed bars) injections at CT 22 in sham-operated (n = 4), “partially
5-HT-lesioned” (5-HT-Xp; n = 4) and “wholly 5-HT-lesioned” (5-HT-Xw; n = 5) animals.
*p < 0.001, post-hoc Tukey HSD test.
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5-HT depletion

Representative activity records for sham-operated rats and 5-HT-lesioned rats that
received injections of quipazine or saline at CT 22 are shown in Fig. 35. Quipazine induced
large phase advances in both sham-operated and 5-HT-lesioned rats. Fig. 36 shows mean
phase shifts induced by quipazine and saline treatment for sham-operated, “partially
5-HT-lesioned” (5HT-Xp) and “wholly 5-HT-lesioned” (5-HT-Xw) animals. Two-way
ANOVA revealed a significant difference between quipazine and saline injections (Finjection
(1,10) = 54.85, p < 0.001), whereas there were no differences between groups (sham-operated
vs “partially 5-HT-lesioned” vs “wholly 5-HT-lesioned”, Fsyrgery (2,10) =0.09, n.s.) or
between surgery and injections (Fsurgeryfinjection (2,10) = 2.67, n.s.).

In all groups, the differences between endogenous period (t) of the locomotor activity
before and after injections were calculated (before — after). One way ANOVA did not
revealed a significant effect of the treatment (quipazine vs saline, Finjection (1,10) = 1.58, n.s.),
a significant difference between groups (sham-operated vs “partially 5-HT-lesioned” vs
“wholly 5-HT-lesioned”, Fsugery (2,10) = 0.33, n.s.) and between surgery and injection
(Fsurgeryrinjection (2,10) = 0,14, n.s.). t differences never exceeded + 0.10 h in sham-operated
animals (after quipazine and saline injections, respectively 0.07 + 0.02 h and 0.06 + 0.05 h),
“partially 5-HT-lesioned” animals (after quipazine and saline injections, respectively 0.1 +
0.04 h and 0.03 + 0.06 h) and “wholly 5-HT-lesioned” animals (after quipazine and saline,
respectively 0.08 + 0.05 h and 0.01 + 0.03 h).
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Figure 37. Double-plotted wheel-running activity records of control rats (4,C) and
enucleated rats (B,D) before and after subcutaneous injections of saline (A,B) or quipazine

(C,D) at CT 22. Treatment times (quipazine or saline) are indicated by asterisks.
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Biocular enucleation

Representative activity records for intact and enucleated rats that received injections of
quipazine or saline at CT 22 are shown in Fig. 37. Enucleated rats showed no phase shifts in
response to quipazine treatment at CT 22 (Fig. 38). Two-way ANOVA revealed significant
effects for bilateral enucleation (Fsugery (1,25) = 41.68, p <0.001) and quipazine treatment
(Finjection (1,25) = 26.02, p < 0.001) and a significant interaction among surgery and injection
(F'surgeryfinjection (1,25) = 24.18, p < 0.001). The differences between endogenous period (t) of
the locomotor activity before and after injections were calculated (before — after). One way
ANOVA revealed a significant effect of the surgery (intact vs enucleated animals, Fsurgery
(1,25) = 8.12, p < 0.01) but failed to reveal a significant effect of the treatment (quipazine vs
saline, Finjection (1,25) = 0.01, n.s.) and a significant difference between surgery and injection
(Fsurgeryrinjection (1,25) = 0,61, n.s.). The advance of the locomotor activity onset after quipazine
injection in intact rats cannot therefore be explained by an effect on the endogenous period.
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Figure 38. Comparison of phase shifts (means = SEM) observed after saline (open bars) or

quipazine (closed bars) injections at CT 22 in control (n = 7) and enucleated rats.

*n < 0.001, post-hoc Tukey HSD test.
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Figure 39. Representative photomicrographs showing c-FOS expression in the ventrolateral
SCN of control (4), IGL-lesioned (B), 5-HT-lesioned (C) and enucleated rats (D) 2h after s.c.
injections of quipazine at CT 22. OC = optic chiasm, 3V = third ventricle. Scale bar =
100 um.

158



Effect of quipazine on c-FOS expression

For the analysis of quipazine-induced c-FOS expression, sham-operated and intact
animals of the three experimental groups were pooled in one control group. As shown in
Figs. 39 and 40, administration of quipazine at CT 22 produced a pronounced expression of
c-FOS in the ventrolateral SCN of control rats as well as in the SCN of IGL-lesioned and
5-HT-lesioned animals, but not in the SCN of enucleated rats. One-way ANOVA revealed a
significant difference between groups (Fsurgery (3,40) = 9.54, p < 0.001). Quipazine-induced

c-FOS-ir was significantly lower in the SCN of enucleated rats (378 + 105 um?) compared to
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Figure 40. Comparison of quipazine-induced c-FOS expression (means £ SEM) in the SCN of
control (n= 14), IGL-lesioned (IGL-X, n = 16), 5-HT-lesioned (5-HT-X, n = 9) and
enucleated rats (n = 5). IGL-lesioned animals are divided into partially (n = 9) and wholly
(n = 7) -lesioned animals. 5-HT-lesioned animals are divided in partially (n = 4) and wholly
(n =5) -lesioned animals. *p < 0,.001, post-hoc Tukey HSD test.
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controls (3090 + 307 pm?), IGL-lesioned rats (overall mean = 3579 + 358 um? “partially

IGL-lesioned” rats = 4040 + 415 um?, “wholly IGL-lesioned” rats = 2986 + 577 pm?) and
5-HT-lesioned rats (overall mean = 2736 + 327 um* “partially 5-HT-lesioned” rats = 2924 +

655 pum?, “wholly 5-HT-lesioned” rats = 2586 + 340 um?).

Discussion

Lesions of IGL or 5-HT afferents to the SCN did not affect the photic-like effects of
quipazine. However, bilateral enucleation and ensuing degeneration of the retinohypothalamic
tract (RHT) abolished both the phase shifting and FOS-inducing effects of quipazine. These

results suggest that photic-like effects of quipazine involve the RHT.
Photic-like effects of quipazine

The results of the present study are consistent with a number of in vivo studies
demonstrating that serotonin has photic-like effects on the SCN in rats. For example, 5-HT
agonists, such as quipazine, DOI or mCPP have been shown to induce photic-like phase shifts
of locomotor activity (Kalkowski and Wollnik, 1999. Kohler et al., 1999) and melatonin
rhythms (Kennaway et al., 1996, 2001; Kennaway, 1997; Kennaway and Moyer, 1998),
c-FOS protein expression in the ventrolateral SCN (Moyer et al., 1997; Kennaway and
Moyer, 1998; Kalkowski and Wollnik, 1999; Kohler et al., 1999; Ferguson and Kennaway,
2000) as well as Per gene expression in the SCN (Varcoe et al., 2003). In addition,
light-induced c-FOS protein expression in the rat SCN was reduced after application of the
5-HT;a antagonist 1-(2-methoxyphenyl)-4(4-(2-phtalimido)butyl)piperazine (NAN-190)
(Recio et al., 1996) or after neurotoxic 5-HT depletion (Moyer and Kennaway, 2000). These
findings suggest that the serotonergic regulation of these phenomena is mediated by a
serotonergic control of the pathway conveying photic input to the SCN rather than acting
directly on SCN neurons.

Findings obtained in rats are different from those obtained in hamsters and in mice, in
which 5-HT has been described to inhibit photic input to the SCN (for reviews see Pickard
and Rea, 1997; Morin, 1999). During subjective night, 5-HT agonists (8-OH-DPAT and
N-(3-trifluoromethylphenyl)-piperazine HCI: TFMPP) partially or completely inhibit
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light-induced phase shifts and c-FOS expression (Glass et al., 1994; Rea et al., 1994. Pickard
et al., 1996; Pickard and Rea, 1997) while 5-HT antagonists (NAN-190, WAY-100635
(N-[2-[4-(2-methoxyphenyl)-1-piperazinyl]ethyl]-N-2-pyridinyl-cyclohexanecarboxamine)
and other mixed 5-HT;4 agonists/antagonists in hamster) potentiate the effects of light (Rea et
al., 1995; Smart and Biello, 2001; Gannon, 2003). Furthermore, there is substantial evidence
for a role of 5-HT in the processing of non-photic stimuli in the circadian system of hamsters.
For example, 5-HT agonists mimic the phase advancing effects of non-photic stimuli during
subjective day (Tominaga et al., 1992b; Cutrera et al., 1996). In mouse, Antle et al. (2003)
did not observe any phase shifting effects of 8-OH-DPAT applied during the subjective day,
whereas Horikawa and Shibata (2004) found a clear phase advance after (+)8-OH-DPAT
treatment. These divergent results clearly indicate species-dependent differences in 5-HT
responsiveness of the circadian systems (Kohler ez al., 2000).

Species differences cannot explain the contradicting results between in vivo and in vitro
studies in rats. For example, previous studies using isolated slice preparations of rat SCN
revealed a non-photic rather than a photic effect of quipazine, with phase advances during
subjective day and phase delays during subjective night (Prosser et al., 1990, 1993). In
addition, quipazine failed to induce c-fos mRNA during subjective night in the rat SCN
in vitro (Prosser et al., 1994b). One explanation for these differences may be that quipazine
affects the circadian system of intact rats indirectly through other brain structures such as the
raphe complex or the IGL. I.c.v. injections of quipazine close to the SCN during subjective
night induce photic-like phase shifts of locomotor activity rhythm as well as c-FOS
expression in the ventrolateral SCN (Kalkowski and Wollnik, 1999), implicating 5-HT
receptors (pre and/or post-synaptic) located in this region. In addition, the present study
demonstrated that the photic-like effects of quipazine are not mediated by the GHT or by
5-HT afferents from the raphe nuclei. Differences between in vitro and in vivo effects of
quipazine in the rat may be due to the impairment of the retinal input in SCN brain slice
preparations, after cutting the optic nerve. This hypothesis is clearly supported by the present
study, because quipazine failed to phase shift the circadian system of enucleated animals.

A direct interaction between the RHT and the serotonergic system has already been
demonstrated in other studies. Pre-treatment with the NMDA (N-methyl D-aspartate)
antagonist MK-801 blocked phase shifting effect of the 5-HT agonist DOI and reduced by
approximately 90% c-FOS induction in the SCN (Kennaway et al., 1999). In addition,
treatment of SCN slices with 5-HT not only increased the percentage of neurons responding
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to glutamate but also potentiated the neuronal responses to glutamate (Huang and Pan, 1993).
Furthermore, it has been shown that light induces c-FOS expression in SCN cells that are
encircled by nerve terminals bearing serotonin transporter protein (Amir et al., 1998). The
hypothesis of Kennaway et al. (2001) was that 5-HT affects SCN interneurons directly via
post-synaptic 5-HT. receptors. These interneurons should then release glutamate and activate
SCN neurons further downstream. Instead, we propose that 5-HT affects the circadian system
by modulating the pathway conveying photic input to the SCN, as suggested by Recio et al.
(1996), and furthermore, that 5-HT stimulates or potentiates the effect of glutamate release

from the terminals of the RHT via pre-synaptic receptor subtypes.

Presynaptic hypothesis

The results of the present study clearly demonstrate that an intact RHT is necessary for
quipazine to mediate its photic-like effects. These finding suggest that quipazine and other
5-HT agonists may affect the circadian system of rats via presynaptic 5-HT receptors located
within RHT terminals. Bilateral enucleation and the subsequent degeneration of the RHT
would then result in the disappearance of these receptors and the photic-like effects of 5-HT
agonists.

So far, presynaptic effects of 5-HT agonists have mostly been shown in hamsters and
mice. 5-HT agonists block glutamate release during subjective night through the 5-HTig
receptor subtype localized on the terminals of the RHT (Selim ez al., 1993; Srkalovic et al.,
1994; Pickard et al., 1996; Pickard and Rea, 1997). Although a presynaptic 5-HT;g receptor
has also been demonstrated in the rat SCN (Manrique et al., 1999), it is rather unlikely that
quipazine may mediate its photic-like effect through such a receptor mechanism, because
quipazine has a very low binding affinity for the 5-HT1g receptor subtype (Zifa and Fillon,
1992). The 5-HTj receptor subtype is known to increase intracellular calcium concentration in
glutamatergic terminals, thereby inducing the release of glutamate from RHT terminals
(Nayak et al., 1999; Van Hooft and Vijverberg, 2000). Therefore, we propose that quipazine
exerts its effects upon the SCN via the 5-HT; receptor subtype for which quipazine has
relatively high binding affinity (Zifa and Fillon, 1992). There is no experimental evidence for
the 5-HT3 receptor subtype in the SCN assayed by in situ hybridization (Roca et al., 1993),
however the lack of signal is to be expected, because the mRNA coding for such receptors
should reside in their cell bodies and not in presynaptic terminals. Thus, 5-HT3 mRNA should
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be located in the retinal ganglion cells, but not in the SCN, while the protein should be present
in the latter. However, previous autoradiography studies using [°H]quipazine failed to
demonstrate any binding sites of 5-HT3 receptor subtype in the SCN in vivo (Prosser et al.,
1993). It will be therefore necessary to proceed to 5-HT3 immunohistology in the SCN, in
order to prove the presence of the 5-HT;3 receptor subtype in the ventrolateral retinorecipient
area of the SCN and its presynaptic localization. However, the only 5-HT3 receptor antibody
available, applied alone, seems not to be specific enough to build clear conclusions (Mazzia et
al., 2003).

Post-synaptic hypothesis

Kennaway and co-workers (2001) based their theory of a postsynaptic 5-HT,c receptor
pathway on experimental evidence showing that quipazine effects can be mimicked by
application of specific 5-HT,c agonists such as DOI, mCPP, and TFMPP, while drugs more
specific for 5-HTa/7 receptors (e.g. 8-OH-DPAT) are incapable of inducing phase shifts at
CT 18 (Kennaway and Moyer, 1998). In addition, DOI and the highly selective 5-HT,c
agonist RO 60-0175 ((s)-2-(6-chloro-5fluoroindol-1-yl)-1-methylethylamine) increased both
c-fos and per gene expression in the SCN (Varcoe et al., 2003). Furthermore, DOI induced
phase shifts and c-FOS expression were reduced by the relatively specific 5-HT,c antagonist
SB-242084 (6-chloro-5-methyl-1-[[2-(2-methylpyrid-3-yloxy)pyrid-5-yl]carbamoyl]indoline),
as well as the atypical 5-HT,c antagonists methylclozapine and clozapine (Kennaway et al.,
2001). Kennaway and co-workers (2001) have proposed that 5-HT,c receptors located
postsynaptically within the SCN play a role in the transmission of photic information in the
rat circadian system. This is also consistent with anatomical studies demonstrating 5-HT ¢
receptor mMRNA and protein expression in the SCN of rats (Roca et al., 1993; Moyer and
Kennaway, 1999).

Nevertheless, a number of differences between Kennaway’s and our own studies might
explain the divergent results and interpretations. First, Kennaway and co-workers used
nocturnal release of melatonin to quantify phase shifts while in our studies locomotor activity
rhythms were analyzed. Second, the effects of quipazine and other 5-HT agonists were tested
under different experimental protocols (Aschoff Type | versus Type Il methods) and perhaps
more importantly, at different circadian times. For example, quipazine-induced phase shifts of
melatonin rhythm were largest at CT 18 (compared to CT 6 or CT 12), while CT 22 was not
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tested (Kennaway et al., 1996). In our hands, quipazine-induced phase delays and advances of
locomotor activity were highest at CT 14 and CT 22, respectively (Kohler et al., 1999;
Kalkowski and Wollnik, 1999). Thus, it is possible that 5-HT uses different receptor subtypes
to affect the various output parameters of the circadian clock.

Nevertheless, our results do not completely rule out the possibility that, in our
experimental conditions, quipazine partly mediates its photic-like effects via postsynaptic
5-HT receptors. Indeed, it might be argued that RHT degeneration would induce a post-lesion
down-regulation of postsynaptic 5-HT receptors and would thus either decrease receptor
density or binding affinity. To our knowledge it has only been shown that specific neurotoxic
lesions of the 5-HT terminals in the SCN result in an up-regulation of 5-HT1g binding sites
(Manrique et al., 1994). Therefore, it remains to be determined whether other receptor
subtypes show down-regulation after RHT degeneration.

Based on the current knowledge, 5-HT function in the circadian system seems to be
varied and complex. One contributing factor is that multiple types of serotonin receptors are
present in the SCN, and at different levels of the circadian system. Furthermore, if the
expression pattern of these different receptor subtypes varies even slightly throughout the
24-h cycle, different drugs and different times of application could indeed induce different
effects on the pacemaker. Therefore, in vivo experiments establishing phase response curves
for the various 5-HT agonists combined with in situ hybridization as well as autoradiographic
data should shed light on the exact nature and location of the 5-HT receptor subtype(s)

mediating the photic-like effects of serotonergic activation.
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Appendum

Results presented in the previous article showed that the RHT degeneration following
enucleation, is able to block the photic-like resetting effects of quipazine while lesions of
either the GHT or the serotonergic tract are not. These results indicate that the 5-HT
receptor(s) involved are located on terminals of the RHT.

This raised the question concerning the subtype of the 5-HT receptor(s) implicated in

the photic-like shifting effects of 5-HT agonists. As exposed in the previous article, it is rather
unlikely that postsynaptic 5-HT receptors, like the 5-HT,¢c receptor subtype, mediate these
effects of quipazine. Moreover, inhibitory presynaptic 5-HT receptors, like 5-HT;g receptors,
could not explain the photic-like effects of quipazine on the clock. Based on the literature, the
5-HT3 receptor subtype seems to be a good candidate. Indeed, activation of this receptor
increases the intracellular calcium concentration in terminals (Nayak ez al., 1999), induces the
release of glutamate (Ashworth-Preece et al., 1995; Wang et al., 1998; Sevoz-Couche et al.,
2002; Funahashi et al., 2004) acting on postsynaptic NMDA receptors (Wang et al., 1998;
Reges et al., 2002). Despite the fact that the localization of this receptor in the SCN is not
clear, activation of this 5-HT receptor subtype could induce photic-like effects of 5-HT
agonists in rats, through its action on glutamate release from the RHT and subsequent
activation of NMDA receptors.
We thus decided to test the implication of the 5-HT3 receptor in the photic-like effects of
quipazine, by using of a specific 5-HT3 agonist and a specific 5-HT3 antagonist, as well as the
implication of the NMDA receptors, by using of a specific NMDA receptor antagonist. Three
circadian parameters have been analyzed, i.e. the locomotor activity rhythm as well as c-FOS
and various clock genes expression in the SCN.

165



166



Article 3

5-HT; receptor-mediated photic-like responses of the circadian clock in the rat

Caroline Graff, Etienne Challet, Paul Pévet and Franziska Wollnik

Submitted

167



Abstract

Serotonin (5-HT) and 5-HT agonists have various resetting effects on the master clock,
located in the suprachiasmatic nucleus (SCN), depending on the species. In rats, they induce
photic-like effects on locomotor activity rhythm as well as on gene expression in the SCN.
The 5-HT receptor(s) mediating these effects at circadian time 22 are localized in the
suprachiasmatic nucleus and most likely at a presynaptic level, on the retinohypothalamic
terminals (RHT) known to convey photic information by releasing glutamate. Indeed, RHT
degeneration blocks photic-like effects of a non-specific 5-HT agonist, quipazine. However,
the 5-HT receptor subtype(s) involved is still unknown, although 5-HT3 receptor activation is
known to induce glutamate release. We thus analyzed the effects of specific 5-HT3 agonist
and antagonist as well as a specific NMDA receptor antagonist on different parameters of the
clock. This study shows that the 5-HT; receptor mediates the resetting effects of quipazine on
locomotor activity rhythm. Moreover, the 5-HT; receptor is only partially implicated in
quipazine-induced expression of c-FOS. In addition, NMDA receptor inhibition blocks
quipazine photic-like effects on both parameters. Taken together, photic-like responses
produced by 5-HT stimulation in rats are likely mediated by presynaptic 5-HT3 receptor

activation followed by NMDA receptor activation.

Introduction

In mammals, the master clock located in the suprachiasmatic nuclei (SCN) of the
hypothalamus is able to generate and distribute a rhythmic message to the whole body
(Morin, 1994). The SCN can be entrained by photic cues, i.e. light (Pittendrigh and Daan,
1976) and non photic cues, such as access to a running wheel (Mrosovsky et al., 1989) or
triazolam injection (Van Reeth and Turek, 1989).

External information reaches the SCN through 3 major inputs. The first one is the
retinohypothalamic tract (RHT) which comes from the retina and releases glutamate (Morin,
1994) and pituitary adenylate cyclase-activating polypeptide (PACAP) (Hannibal et al.,
1997). The second SCN input is the geniculohypothalamic tract (GHT) which originates in
the retinorecipient area of the intergeniculate leaflet (IGL) and releases neuropeptide Y (NPY)
and y-aminobutyric acid (GABA) (Morin, 1994). The third SCN input is a dense serotonergic
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projection coming directly from the median raphe nucleus (MRN) and indirectly from the
dorsal raphe nucleus (DRN) via the IGL (Azmitia and Segal, 1978; Hay-Schmidt ez al., 2003).
Furthermore, a tract connecting the retina with the DRN has been demonstrated in rats
(Kawano et al., 1996). However, this pathway has not been detected in golden hamsters
(Morin, 1994).

Serotonin (5-HT) agonists have different resetting properties depending on the species
(Kohler et al., 2000). In hamsters, systemic (Tominaga et al., 1992b; Cutrera et al., 1996;
Schuhler et al., 1998) or local injection of 5-HT agonists such as 8-OH-DPAT (8-hydroxy-di-
n-propylamino tetralin) in the SCN (Challet et al., 1998c) during the subjective day induce
phase advances of the locomotor activity that mimic the effect of non photic stimuli.
Moreover, 8-OH-DPAT decreases Perl and Per2 mRNA levels in the SCN (Horikawa et al.,
2000) as do non photic stimuli, like novel-wheel running (Maywood et al., 1999). Besides
direct effects on the SCN clock during the subjective day, serotonergic stimulation modulates
photic input to the SCN during the subjective night. Systemic (Rea et al., 1994) as well as
local injections of 8-OH-DPAT (Weber et al., 1998) decrease the magnitude of light-induced
phase shifts of locomotor activity rhythm, block the light-induced firing increase of SCN
neurons (Ying and Rusak, 1994), induce the release of glutamate in the SCN (Srkalovic et al.,
1994), as well as the stimulation of c-FOS protein immunoreactivity in SCN cells (Rea et al.,
1994). Similar results were obtained with 5-HT (Selim ez al., 1993; Ying and Rusak, 1994)
and other 5-HT agonists like quipazine (Selim et al, 1993) or 5-CT
(5-carboxamidotryptamine) (Ying and Rusak, 1997). Results obtained in mice were almost
the same as those gathered in hamsters (Pickard et al., 1999; Horikawa and Shibata, 2004),
albeit with small differences (Antle et al., 2003).

Contrary to the results obtained in hamsters and mice, a serotonin stimulation in the rat
seems to enhance, rather than reduce, photic responses. Systemic injections of 5-HT agonists
such as quipazine or the more specific 5-HT,c agonists, DOI ((+)-1-(2,5-dimethoxy-4-
iodophenyl)-2-aminopropane HCL) and mCPP (1-(3-chlorophenyl)-piperazine HCI) induce
photic-like phase shifting of the circadian rhythms of locomotor activity and melatonin
(Kennaway and Moyer, 1998, 1999; Kohler et al., 1999). Furthermore, quipazine (Moyer et
al., 1997) and DOI, systemically injected induce c-FOS expression in the ventrolateral area of
the SCN during the subjective night, but not during the subjective day (Moyer et al., 1997,
Kennaway and Moyer, 1998, 1999; Kohler et al., 1999). Similar effects of quipazine were
demonstrated after its local injection into the SCN (Kalkowski and Wollnik, 1999). Moreover,
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systemic injections of DOI can induce the expression of Perl and Per2 during the subjective
night (Varcoe et al., 2003).

Concerning in vitro studies on rat SCN slices, only non photic effects of 5-HT agonists
on the SCN neurons firing rate rhythm have been demonstrated (Prosser et al., 1993). These
differences between the in vitro and in vivo effects of quipazine in rats could suggest that
systemically administered quipazine may affect the circadian system not only directly at the
level of the SCN, but also through other brain structures such as the raphe or the IGL.
However, i.c.v. injections of quipazine close to the SCN during the subjective night induce
photic-like phase shifts of locomotor activity rhythm as well as c-FOS expression in the
ventrolateral SCN (Kalkowski and Wollnik, 1999), implicating 5-HT receptors (pre and/or
post-synaptic) located in this region.

Our recent study provides strong arguments for an involvement of 5-HT receptors located on
the RHT terminals (Graff er al., 2005). Indeed, degeneration of the RHT, resulting from
bilateral enucleation, blocks the photic-like effects of quipazine on locomotor activity rhythm
as well as on c-FOS expression in the SCN. At the opposite, degeneration of the GHT
following bilateral IGL lesion and lesion of 5-HT input to the SCN with a specific neurotoxin,
the 5,7-dihydroxytryptamine (5,7-DHT), do not abolish those photic-like effects of quipazine.
These results raise the question of knowing which 5-HT receptor(s), located on the RHT,
could be responsible for the photic-like effects of 5-HT agonists. The 5-HT; receptor subtype
is a good candidate, since it has been shown to increase intracellular calcium concentration in
glutamatergic terminals, thereby inducing the release of glutamate (Van Hooft and
Vijverberg, 2000; Funahashi et al., 2004) and subsequent NMDA receptor activation (Reges
et al., 2002). The aim of this study was thus to test the implication of the 5-HT3 receptor
activation and the subsequent glutamate release in the photic-like serotonergic effects. We
used specific 5-HT3 agonist and antagonist as well as a specific NMDA receptor antagonist.
The parameters analyzed were locomotor activity rhythm, c-FOS expression and clock gene

expression in the SCN.
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Methods

Animals

Male inbred LEW/Ztm (albino) rats were housed individually in plastic cages (35 x 55 x
15 c¢m) equipped with a running wheel (diameter 35 cm, width 10 c¢cm) under standard
laboratory conditions (light/dark: LD 12:12, lights on at 07:00 h, 20£1°C, 50£5% relative
humidity) with food and water ad libitum for at least 2 weeks before the start of the
experiments. Running wheel revolutions were recorded by a computer and collected in 5 min
bins. All experiments with animals were performed in accordance with European
Communities Council Directive of November 24, 1986 (86/609/EEC) as well as in
accordance with the german law. All efforts were made to minimize the number of animals

used and any potential suffering.

Experimental protocol

First set of experiments. Effect of serotonergic and glutamatergic drugs on the locomotor

activity rhythm

The animals were transferred to constant darkness (DD) for at least ten days before
receiving the injections.

In experiment 1, rats received either vehicle (saline; s.c.) (n = 6) or different doses of
quipazine (a non specific 5-HT receptor agonist) (Sigma-Aldrich Chemie GmbH,
Deisenhofen, Germany; subcutaneous: s.c.): 0.3 mg/kg (n = 6), 1 mg/kg (n = 6), 3 mg/kg
(n =6) and 10 mg/kg (n = 4) in order to determine the most suitable dose.

In experiment 2, the rats received injections of either: (1) vehicle (saline; s.c.) (n=6), (2)
m-chlorophenylbiguanide (m-CPBG, a specific 5-HT3 receptor agonist) (Tocris Cookson,
Bristol, United Kingdom; 5 mg/kg intraperitoneal: i.p.) (n = 4), (3) quipazine (3 mg/kg, s.c.)
(n = 6), (4) ondansetron hydrochloride dihydrate (a specific 5-HT3 receptor antagonist)
(Glaxo Smith Kline Laboratories, UK; 3 mg/kg, i.p.) 10 min before saline (n = 6) or (5)

ondansetron 10 min before quipazine (n = 6) at the same doses as for (4) and (3) respectively.
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In experiment 3, the rats received injections of either: (1) vehicle (saline, s.c.) (n =4),
(2) quipazine (3 mg/kg) (n = 4), (3) (+)-5-methyl-10,11-dihydroxy-5h-dibenzo
(a,d)cyclohepten-5,10-imine (MK-801, a specific NMDA receptor antagonist) (Sigma-Aldrich
Chemie GmbH, Deisenhofen, Germany; 3 mg/kg i.p.) 10 min before saline (n = 4) or (4)
MK-801 10 min before quipazine (n = 4) at the same doses as for (3) and (2) respectively.

All injections were performed at circadian time (CT) 22. We chose CT 22 because
phase shifts as well as c-FOS expression were highest at this circadian phase compared to
other CTs (Kohler et al., 1999). All injections were performed using a darkroom red light
source (< 0.5 lux, Kindermann, Berlin, Germany). Both groups of animals remained in DD, in

their cages at least for 10 days after the injection.

Second set of experiments. Effect of serotonergic and glutamatergic drugs on the expression

of c-FOS in the SCN

The animals were transferred to DD for at least ten days before receiving the injections
or treatment.

In experiment 4, the rats received a 2 h light pulse (LP) (about 250 lux) (n = 5) or
injections of either: (1) vehicle (saline, s.c.) (n = 4), (2) m-CPBG (5 mg/kg, i.p.) (n =4), (3)
quipazine (3 mg/kg, s.c.) (n=10), (4) ondansetron (3 mg/kg, i.p.) 10 min before saline
(n=10) or (5) ondansetron 10 min before quipazine (n = 10) at the same doses as in
experience 2.

In experiment 5, the rats received injections of either: (1) vehicle (saline, s.c.) (n=4),
(2) quipazine (3 mg/kg, s.c.) (n = 4), (3) MK-801 (3 mg/kg, i.p.) 10 min before saline (n = 4)
or (4) MK-801 10 min before quipazine (n = 3) at the same doses as in experiment 3.

In experiment 6, the rats received injections of either: (1) vehicle (saline, s.c.) (n =5),
(2) quipazine (3mg/kg, s.c) (n = 5), (3) 6-Chloro-5-methyl-1-[[2-(2-methylpyrid-3-
yloxy)pyrid-5-1] carbamoyl] indoline dihydrochloride (SB-242084, a specific 5-HT ¢ receptor
antagonist) (Sigma-Aldrich Chimie S.a.r.l., Lyon, France; 1 mg/kg i.p., diluted in
dimethylsulphoxide 50%) 10 min before saline (n = 5) or (4) SB-242084 10 min before
quipazine (n = 5) at the same doses as for (3) and (2) respectively.

All injections were followed 2 h later, by a deep anesthesia and a transcardial perfusion
with 200 ml phosphate-buffered saline (0.1 M PBS, pH 7.4) containing 0.1% heparin (Roth,
Karlsruhe, Germany) followed by 200 ml 4% paraformaldehyde in 0.1M PBS, pH 7.4. The
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brains were removed, post-fixed in the same fixative for 24 h and then cryoprotected in 30%
sucrose in PBS for 3 days. The brains were then cut and proceeded for c-FOS

immunocytochemistry.

Experiment 7: Effect of serotonergic drugs on the expression of clock genes in the SCN

The animals were transferred to DD for at least ten days before receiving the injections.
The animals received injections of either: (1) vehicle (saline, s.c.) (n = 4), (2) m-CPBG
(5 mg/kg, i.p.) (n = 5), (3) quipazine (3 mg/kg) (n = 6) or (4) quipazine (10 mg/kg) (n = 5).
The animals were deeply anesthetized 1h after the injection and sacrified by decapitation.

Brains were rapidly removed, frozen in isopentane maintained at —30°C and stored at —80°C.

Behavior analyses

Onsets of nocturnal locomotor activity were determined during the 10 days before and
after the injection. For assessment of the phase shifts induced by the injections, linear
regression analysis of the onset of activity (Clocklab software; Actimetrics, Evanston, IL) was
performed. The phase shifts were defined as the average difference between the two lines on

the day after the injection.

Histological procedures

c-FOS immunocytochemistry procedure

The brains were cut through the SCN on a freezing microtome and the 30 um sections
collected in 0.1 M PBS containing 0.1% Triton X-100 (PBST). The sections (25 for each
brain) were then processed for c-FOS immunohistochemistry. Briefly, free-floating sections
were rinsed in PBST and then incubated in c-FOS primary antibody (Calbiochem,
Schwalbach, Germany, 1:10000) for 18 h at room temperature. Sections were then processed
using the Vectastatin ABC kit (Vector Laboratories, Burlingame, CA, USA) with
diaminobenzidine as the chromogen. The expression of c-FOS immunoreactivity (ir) was

determined using a computerized software system. The mean area of c-FOS-ir was assessed
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within a pre-defined area of interest covering the whole SCN and divided in a dorsomedial
(DM) and ventrolateral (VL) region (Fig. 41).

In situ hybrization of clock genes

Here we used riboprobes of rPerl (981 bp), rPer2 (760 bp), mCryl (516 bp), mCry2
(468 bp), rBmall (1735 bp) and rRev-erba (983 bp). rPerl and rPer2 plasmid were kindly
provided by Dr. H. Okamura (University of Kobe, Japan). Clones of mCryl, mCry2, rBmall
and rRev-erba. were generated by RT-PCR from rat RNA extracts. PCR products of the

expected size were cloned into the PCR-Script SK(+) cloning vector (Stratagene, Amsterdam,

Third ventricle

DM

VL

Optic chiasma

Figure 41. Picture of the pre-defined area of interest for c-FOS immunoreactive cells
quantification. Example of c-FOS induction after quipazine injection. c-FOS-immunoreactive
cells may be quantified in the whole nucleus as well as in its ventrolateral (VL) and

dorsomedial (DM) part. SCN = suprachiasmatic nucleus.
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The Netherlands). Identity and orientation of the cloned PCR fragments were confirmed by
sequencing (AGOWA Sequencing Services, Berlin, Germany). mCryl cDNA covers
nucleotides 1394-1909 of GenBank accession number AF156986, mCry2 cDNA covers
nucleotides 955-1422 of GenBank accession number AF156987, rBmall cDNA covers
nucleotides 75-1809 of GenBank accession number AB012600 and rRev-erba CDNA
covers nucleotides 908-1890 of GenBank accession number NM_145775. Serial coronal
sections (20 um thick) of the region containing the SCN were cut on a freezing microtome,
thaw mounted onto gelatin coated slides and kept at —20°C until use. Antisense and sense
RNA probes were transcribed in the presence of a[*°S]-UTP (1200 Ci/mmol, Amersham,
Saclay, France) according to the manufacturer’s protocol (MAXIscript, Ambion, USA). In
situ hybridization was performed as previously described (Gauer et al., 1998). Slides were
then exposed for one week with radioactive standards in each cassette to verify that measured
values were in the linear response range of the autoradiographic film (Biomax MS-1 Kodak;
Sigma, St. Louis, MO). Quantitative analysis of the autoradiograms was performed using the
computerized analysis system Biocom-program RAG 200.

For each probe and each animal, quantification was performed on both SCN on four
subsequent sections. Specific signal intensity was obtained by subtraction of the background

intensity measured in the anterior hypothalamic area. Data are depicted as arbitrary units

(a.u.).
Statistics
Statistical comparisons between treatments were performed by one-way analyses of

variance (ANOVA). In the case of significant main effects, the LSD Fisher test was used for

post hoc comparison of means.
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Figure 42. Double-plotted wheel-running activity records of rats before and after s.c.
injections of saline (A) or quipazine (3 mg/kg) (B) at CT 22. Lines on the vertical axes denote
2 day intervals, whereas numbers on the horizontal axes denote time of day. To visualize
phase shifts of the activity rhythm, eye-fitted lines are drawn through the onset of the activity

rhythm before and after treatment. Saline or quipazine injection times are indicated by

asterisks.
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Figure 43. Quipazine dose-response curve on locomotor activity rhythm. Phase advances of
the locomotor activity rhythm were analyzed after s.c. quipazine injection at 0.3 (n = 6),

1 (n=26),3(n=06)and 10 mg/kg (n = 4). *p < 0.005, post-hoc LSD Fisher test.
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Results

First set of experiments: Effect of serotonergic and glutamatergic drugs on the

locomotor activity rhythm

In experiment 1, different doses of quipazine were tested at CT 22: 0.3, 1, 3 and
10 mg/kg as well as vehicle (Fig. 42, 43). One-way ANOVA revealed a significant effect of
quipazine concentration (F oncentrasion (3,18) = 10.81, p < 0.001). Phase advances of locomotor
activity rhythm were significantly higher in animals that received 3 or 10 mg/kg (84 + 9 min
and 81 + 4 min, respectively) compared to animals that received 0.3 or 1 mg/kg of quipazine
(27 £ 8 min and 32 + 12 min, respectively) or saline (14 + 9 min) (p < 0.005). Thus, the
minimal quipazine concentration for inducing maximal phase advances of the locomotor

activity was 3 mg/kg, which was used in all subsequent experiments.
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Rats of experiment 2, received injections of either saline, m-CPBG (a specific 5-HTj3
receptor agonist), quipazine (3 mg/kg) and ondansetron (a specific 5-HT3 receptor antagonist)
before saline or quipazine (3 mg/kg) (Fig. 44). One-way ANOVA revealed a significant effect
of injections (Finjections (4,23) = 17.36, p < 0.001). m-CPBG as well as quipazine induced phase
advances (84 = 9 min and 66 + 5 min, respectively) significantly different (p < 0.001)
compared to saline (14 + 9 min). In addition, phase advances did not differ significantly
between animals that received ondansetron injected before quipazine (6 + 4.5 min) and those
that received injections of either ondansetron before saline (17 + 11 min) or saline alone (14 +
9 min). Thus, quipazine as well as m-CPBG induced phase advances of the locomotor activity
rhythm, while ondansetron was able to block the effect of quipazine on the locomotor activity
rhythm at CT 22.
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Figure 44. Comparison of phase advances (means + SEM: standard error of mean) observed
after different injections at CT 22: saline (s.c.) (n = 6), m-CPBG (5 mg/kg, i.p.) (n = 4),
quipazine (3 mg/kg, s.c.) (n = 6), pretreatment with ondansetron (3 mg/kg, i.p.) followed by
saline (n = 6) and pretreatment with ondansetron followed by quipazine (n = 6). *p < 0.001,
post-hoc LSD Fisher test.
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In experiment 3, the rats received injections of either saline, quipazine (3 mg/kg) and
MK-801 (a specific NMDA receptor antagonist) before saline or quipazine (3 mg/kg)
(Fig. 45). One-way ANOVA revealed a significant effect of injections (Finjections (3,12) = 7.80,
p < 0.005). Quipazine-induced phase advances (64 + 3 min) that were significantly different
(p < 0.001) from those observed after saline (13 = 14 min), MK-801 before saline (28 +
7 min), or MK-801 before quipazine (19 + 6 min). Thus, MK-801 was able to block the effect

of quipazine on the locomotor activity rhythm at CT 22.
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Figure 45. Comparison of phase advances (means + SEM) observed after different injections
at CT 22: saline (s.c.) (n = 4), quipazine (3 mg/kg, s.c.) (n = 4), pretreatment with MK-801
(3 mg/kg, i.p.) followed by saline (n = 4) and pretreatment with ondansetron followed by
quipazine (n = 4). *p < 0.001, post-hoc LSD Fisher test.
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Second set of experiments: Effect of serotonergic and glutamatergic drugs on the
expression of c-Fos in the SCN

Fig. 46 shows representative picture of c-FOS immunohistochemistry in the SCN
induced by saline (3 mg/kg) and quipazine injections. Quipazine at 3 mg/kg induced the
expression of c-FOS in the SCN, mainly in the ventrolateral region, compared to saline
injection.

The rats of experiment 4 received a 2 h light pulse (LP) or injections of either saline,
m-CPBG, quipazine (3 mg/kg), ondansetron before saline or ondansetron before quipazine
(3 mg/kg). c-FOS immoreactivity (ir) was first assessed in the whole SCN. Fig. 47 shows
mean c-FOS-ir induced by these different injections. One-way ANOVA revealed a significant
effect of treatments (Fieamenss (5,37) = 10.68, p <0.001) on c-FOS expression in the whole
SCN. LP, quipazine (3 mg/kg) as well as m-CPBG induced a c-FOS expression (LP: 4453 +
486 umz2, p < 0.001; quipazine: 2616 + 185 um?, p < 0.01 and m-CPBG: 4176 + 600 pum2,
p <0.001) that was significantly different from that induced by saline (1142 + 343 pm?).

Moreover, c-FOS expression in the whole SCN induced by ondansetron before saline (1935 +
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Figure 46. Representative photomicrographs showing c-FOS expression in the ventrolateral
SCN of rats after s.c. injections at CT 22 of saline (A) or quipazine (3 mg/kg) (B). OC = optic
chiasm, 3V = third ventricle. Scale bar = 100 um.
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Figure 47. Comparison of c-FOS expression (means = SEM) in the whole SCN of rats,
induced at CT 22 by a 2 h LP (about 250 lux) (n = 5) or by injections of either saline (s.c.)
(n =4), m-CPBG (5 mg/kg, i.p.) (n = 4), quipazine (3 mg/kg, s.c.) (n = 10), pretreatment with
ondansetron (3 mg/kg, i.p.) followed by saline (n = 10) or pretreatment with ondansetron
followed by quipazine (n = 10). Absence of shared letters above each column denotes

significant difference, p < 0.05, post-hoc LSD Fisher test.

284 um?2) was not significantly different from that induced by saline. However, c-FOS
expression in the whole SCN was significantly different in animals that received ondansetron
before quipazine (3137 + 293 pm?) compared to animals that received injections of
ondansetron before saline (p <0.05). In addition, no significant differences was found
between c-FOS expression in animals that received ondansetron before quipazine and c-FOS
expression in animals that received quipazine alone. A similar pattern of changes was found
in both VL and DM regions of the SCN (data not shown).
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In experiment 5, the rats received injections of either saline, quipazine (3 mg/kg),
MK-801 before saline or MK-801 before quipazine (3 mg/kg). c-FOS-ir was first assessed in
the whole SCN. Fig. 48 shows mean c-FOS-ir induced by these different injections. One-way
ANOVA revealed a significant effect of treatments (Fieatments (3,11) = 7.64, p <0.005) on
c-FOS expression in the whole SCN. Quipazine induced a c-FOS expression (3729 =+
648 um2) that was significantly different (p < 0.005) compared to saline (1293 + 345 um?).
Moreover, c-FOS expression in the SCN induced by MK-801 before saline (1558 + 281 um2)
did not differ significantly from those induced by either saline or MK-801 before quipazine
(1458 + 101 pm?). Similar results were obtained in both VL and DM regions of the SCN (data

not shown).
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Figure 48. Comparison of c-FOS expression (means + SEM) in the whole SCN of rats
induced at CT 22 by injections of either saline (s.c.) (n = 4), quipazine (3 mg/kg, s.c.))
(n = 4), pretreatment with MK-801 (3 mg/kg, i.p.) followed by saline (n = 4) or pretreatment
with MK-801 followed by quipazine (n = 3). *p < 0.005, post-hoc LSD Fisher test.
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In experiment 6, the rats received injections of either saline, quipazine (3 mg/kg),
SB-242084 (a specific 5-HT,c receptor antagonist) before saline or SB-242084 before
quipazine (3 mg/kg). c-FOS-ir was first assessed in the whole SCN (Fig. 49). One-way
ANOVA revealed a significant effect of injections (Fiyjecions (3,15) = 9.54, p <0.001) on
c-FOS expression in the whole SCN. c-FOS expression in the whole SCN was significantly
higher in animals that had received either quipazine alone (3157 + 251 um?) or SB-242084
before saline (1862 + 170 um?) or saline alone (1732 + 189 um?). A similar pattern of changes
was found in the VL, but not the DM region of the SCN (data not shown).
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Figure 49. Comparison of c-FOS expression (means + SEM) in the whole SCN of rats
induced at CT 22 by injections of either saline (s.c.) (n = 5), quipazine (3 mg/kg, s.c.)) (n =
5), pre-treatment with SB-242084 (1 mg/kg, i.p.) followed by saline (n = 5) or pre-treatment
with SB-242084 followed by quipazine (n = 5) (*p < 0.005, post-hoc LSD Fisher test).

183



Experiment 7: Effect of serotonergic drugs on the expression of clock genes in the SCN

Fig. 50 shows a representative picture of »Perl hybridation in the SCN induced by
saline and quipazine (3 mg/kg) injections. Quipazine at 3 mg/kg induced the expression of
rPerl in the SCN. The animals received injections of either saline, m-CPBG, quipazine at
3 mg/kg or quipazine at 10 mg/kg.

Fig. 51 shows mean mRNA levels of Perl and Per2 induced by these different
injections. One-way ANOVA revealed a significant effect of injections on »Per! mRNA level
(Finjections (3,16) = 5.780, p < 0.05). Quipazine at 3 mg/kg induced a significant increase of
Perl mRNA level (166 + 12.5 min) compared to saline (114.4 + 9.7 min) (p <0.05).
Moreover, the post hoc test indicates that the differences between mRNA levels of Perl in
animals injected with m-CPBG or with quipazine at 10 mg/kg and animals injected with
saline are at the limit of significance with p= 0.08 and p = 0.06, respectively. However,
one-way ANOVA failed to reveal any significant effect of injection on Per2 (Fig. 51), Cryl,
Cry2, Bmall and Rev-erb « (data not shown).

Figure 50. Representative autoradiograms of coronal rat brain sections cut at the SCN level
hybridized with rPerl riboprobe. Rats were injected at CT 22 with saline (4) or quipazine
(3 mg/kg) (B). OC = optic chiasm, 3V = third ventricle. Scale bar = 1 mm.
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Figure 51. Perl and Per2 expression (means + SEM: standard error of mean) in the SCN of
rats induced at CT 22 by injections of either saline (s.c.) (n =4), m-CPBG (5 mg/kg, i.p.)
(n =35), quipazine (3 mg/kg, s.c.) (n = 6) or quipazine (10 mg/kg) (n = 5). *p < 0.05.
Post-hoc used is the LSD Fisher test.
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Thus, quipazine was able to induce the expression of Perl in the SCN when injected at
CT 22. Moreover, m-CPBG tented to increase the expression of Perl in the SCN at CT 22.
However, neither quipazine nor m-CPBG were able to induce the expression of Per2, Cryl,
Cry2, Bmall and Rev-erba in the SCN at CT 22.

Discussion

Photic-like effects of quipazine

The present results show photic-like effects of the 5-HT agonist quipazine on
locomotor activity rhythm and on c-FOS expression in the SCN, which are consistent with
several other studies performed in vivo in rats. For example, quipazine, DOl or mCPP have
been shown to induce photic-like phase shifts of locomotor activity (Kalkowski and Wollnik,
1999; Kohler et al., 1999; Graff et al, 2005) and c-FOS protein expression in the
ventrolateral SCN (Moyer et al., 1997; Kennaway and Moyer, 1998; Kalkowski and Wollnik,
1999; Kohler et al., 1999).

We show in this work that quipazine at CT 22 induces the expression of Perl, but not
Per2 as is also the case for light (Albrecht et al., 1997) and has no effect on other clock genes,
i.e. Cryl, Cry2, Bmall and Rev-erba. These results may be conflicting with the effects of
other 5-HT agonists on Perl and Per2 expression. Indeed, Varcoe et al. (2003) showed that
DOI induced the expression of Perl as well as Per2 at ZT 16, but had no effects on the
expression of these two clock genes at ZT 22. Moreover, they showed that RO 60-0175 ((s)-
2-(6-chloro-5fluoroindol-1-yl)-1-methylethylamine) induced the expression of Perl but not
Per2 at ZT16, and failed to induce Per genes expression at ZT 22. However, DOI is a specific
5-HT,a2c agonist and RO 60-0175 is a highly selective 5-HT,c receptor agonist, whereas
quipazine is a non-specific 5-HT agonist. Thus, these results provide evidence for an action of
quipazine on different 5-HT receptors subtypes compared to these two 5-HT agonists.

In addition, the induction of Perl by quipazine is greater at 3 mg/kg compared to 10
mg/kg, consistent with the results obtained on the locomotor activity rhythm. Indeed, the
phase advance of the locomotor activity rhythm induced by quipazine injection at 3 mg/kg is
sligthly higher than that at 10 mg/kg. These results could be explained by the fact that

quipazine binding to a wide range of 5-HT receptors is concentration-dependant. Thus, at
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higher concentration it can also bind 5-HT receptors, like 5-HT;g receptors, known to have
inhibitory effects. The use of the optimal concentration of quipazine should reduce the
recruitment of other 5-HT receptor subtypes with lower affinity for quipazine.

Taken together, these results provide additional support for serotonergic control of the
pathway conveying photic input to the SCN. This hypothesis is also strngthened by results
obtained in enucleated animals (Graff ez al., 2005). As mentioned earlier, bilateral enucleation
blocks the effect of quipazine on the locomotor activity rhythm and on c-FOS expression in
the SCN.

Involvement of the 5-HT3 receptor in 5-HT photic-like effect on locomotor activity

rhythm

The present results obtained with the use of the specific 5-HT3 agonist, m-CPBG, and
the specific 5-HT3 antagonist, ondansetron, clearly demonstrate the involvement of 5-HT;
receptor in the photic-like effects of 5-HT agonists on the locomotor activity rhythm at CT 22.
Indeed, m-CPBG induced a phase advance of the locomotor activity rhythm and ondansetron
was able to block the phase advance induced by quipazine. This is the first time that the
5-HT3 receptor subtype is shown to be involved in mechanisms of the circadian system. In
other brain structures the 5-HT3 receptor has been well studied (Hoyer et al., 2002), and is
known to increase intracellular calcium concentrations in glutamatergic terminals, thereby
inducing the release of glutamate (Van Hooft and Vijverberg, 2000). Moreover, we have
demonstrated here that the activation of NMDA receptors is necessary for quipazine-induced
of phase advances of the locomotor activity rhythm, again suggesting the involvement of
5-HT3 and subsequent glutamate release in the photic-like effect of quipazine on locomotor
activity rhythm.

To date, there is no clear demonstration of the presence of the 5-HT3 receptor in the
SCN. Presynaptic receptor mRNA should reside in cell bodies and not in presynaptic
terminals, thus 5-HT3 mRNA should be located in the retinal ganglion cells, but not in the
SCN, and vice versa for the protein. Indeed, Roca et al. (1993) failed to detect 5-HT;
receptors in the SCN by in situ hybridization that is consistent with a presynaptic localization
of the 5-HT3 receptors. However, previous autoradiography studies using [°H]quipazine failed
to demonstrate any 5-HT3 receptor subtype binding sites in the SCN in vivo (Prosser et al.,
1993). It will be therefore necessary to undertake 5-HT; immunohistology in the SCN, in
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order to demonstrate the presence of this receptor subtype on the fiber terminals present in the

ventrolateral retinorecipient area of the SCN.

Involvement of the 5-HT3 receptor in 5-HT photic-like effect on ¢c-FOS and clock gene
expression in the SCN

The 5-HT3 agonist used in this study, m-CPBG, induced c-FOS expression, with a
stronger effect in the ventrolateral retinorecipient compared to the dorsomedial region of the
SCN. Moreover, the level of c-FOS expression was close to that induced by light. These
results reinfoce the idea that the 5-HT3 receptors are involved in 5-HT modulation of the
RHT, which terminate in the ventrolateral part of the SCN and that convey light information.
Moreover, c-FOS expression induced by mCPBG was higher than that induced by quipazine,
furnishing an additional argument for the idea that quipazine can bind to a wide range of
5-HT receptors and then, depending on the dose, stimulate activatory and inhibitory 5-HT
receptors. However, the 5-HT3 antagonist, ondansetron, failed to block the c-FOS expression
induced by quipazine. Thus, it seems plausible that the 5-HT3 receptors are implicated in the
c-FOS expression, but in combination with another 5-HT receptor(s) subtype(s). Kennaway
and co-workers (2001) based their theory of a postsynaptic 5-HT,c receptor pathway on
experimental evidence showing that quipazine effects on the melatonin secretion rhythm can
be mimicked by application of specific 5-HT,c agonists such as DOI, mCPP, and TFMPP,
while drugs more specific for 5-HT1a/; receptors (e.g. 8-OH-DPAT) could not induce phase
shifts at CT 18 (Kennaway and Moyer, 1998). Moreover, they showed that DOI induced
c-FOS expression in the SCN when injected at ZT 14, 16, 18, 20 and 22 (Kennaway et al.,
2001). In addition, DOI and the highly selective 5-HT,c agonist RO 60-0175 increased both
c-Fos and Per gene expression in the SCN (Varcoe et al., 2003). Furthermore, DOI-induced
phase shifts of the melatonin secretion rhythm and c-FOS expression were reduced by the
5-HT,c antagonist SB-242084, as well as the atypical 5-HT,c antagonists methylclozapine
and clozapine (Kennaway et al., 2001). Kennaway and co-workers (2001) have thus proposed
that 5-HT ¢ receptors located postsynaptically within the SCN play a role in the transmission
of photic information in the rat circadian system. However, in our study, the 5-HT,c
antagonist SB-242084, as well as the 5-HT3 antagonist ondansetron, failed to block the c-FOS
expression induced by quipazine. One explanation could thus be that at least at CT 22 and for
c-FOS expression induced by 5-HT agonists, the pathways implicating 5-HT3; and 5-HT,c
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receptors subtype work in parallel, and that both pathways need to be inhibited in order to
completely block the effect of quipazine on c-FOS expression.

As for the locomotor activity rhythm, MK-801 was able to block the effect of quipazine
on c-FOS expression in the SCN. This result is consistent with the idea that quipazine affects
the SCN through the 5-HT3 receptor present at RHT terminals, whose activation induces
glutamate release and subsequent NMDA receptor activation. However, since ondansetron
alone was not able to block the effect of quipazine on the expression of c-FOS, it seems likely
that other 5-HT receptor(s) involved in this effect (most probably the 5-HT,c receptor) also
require NMDA receptor activation, as previously hypothesized by Kennaway and co-workers
(2001) for the 5-HT,c receptor. Thus, it is possible that MK-801 pretreatment blocks both
5-HT3 and 5-HT,c simultaneously, thereby prevents c-FOS expression in the SCN induced by
5-HT agonists for these receptor subtypes.

As quipazine and light, m-CPBG is not able to induce expression of the clock genes
Per2, Cryl, Cry2, Bmall, Rev-erba. However, contrary to quipazine and light, m-CPBG was
also not able to induce Perl expression in the SCN at CT 22. This results seem to indicate
that the 5-HT3 receptor is not involved in the photic-like effect of 5-HT agonists on clock
gene expression, raising the possible implication of other 5-HT receptors in this effect.
Additionnal studies with other 5-HT agonists are therefore require to see which 5-HT receptor

subtype(s) implicate in these effects on clock gene expression.

In summary, this study confirms the photic-like effect of 5-HT agonists on locomotor
activity rhythm and c-FOS expression, and demonstrates the photic-like effect of 5-HT
agonists on Perl expression. Moreover, we showed that quipazine effects on locomotor
activity rhythm are mediated by 5-HT3 receptors, whose activation induce glutamate release
from the RHT terminals and subsequent NMDA receptors activation. In addition, c-FOS
expression induced by 5-HT agonists in the SCN involves activation of 5-HT3 and additional
receptors, 5-HT,c receptor being likely candidates. It would then be necessary to try to block
c-FOS expression induced by quipazine by both 5-HT3; and 5-HT,c specific antagonists in
order to confirm this hypothesis. Nevertheless, the NMDA receptors are clearly involved in
the serotonergic induction of c-FOS expression, suggesting that the activation of both 5-HT
receptors lead to the expression of c-FOS via NMDA receptors activation. Thus, it seems
likely that the SCN pathway involved in the locomotor activity rhythm control and that

involved in c-FOS expression are not entirely the same. Moreover, the 5-HT receptor
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subtype(s) involved in the serotonergic induction of Perl expression seems is still unknown.
Finally, it will be necessary to clearly prove the presence and presynaptic localization of the
5-HT; receptor in the SCN.
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GENERAL DISCUSSION AND PERSPECTIVES

The SCN are able to integrate various Zeitgebers in order to be entrained to exactly
24 h. These nuclei thereafter control physiological and behavioral circadian rhythms of the
body, such as locomotor activity or food intake rhythm. The environment provides a lot of
simultaneous synchronizing cues either photic or non-photic, that the SCN clock has to
integrate in order to build an integrated information to the body. However, the mechanisms as

well as the neuronal basis of this integration are not yet well known.

I. Interaction between a non-photic cue, the timed -caloric
restriction, and a photic cue, the LD cycle

I.1. SCN integration

Timed caloric restriction is the only non-photic cue able to compete with the LD cycle
in modulating the phase angle of photic synchronization (Challet et al., 1997c, 1998d). In our
study, timed caloric restriction was able to phase advance the locomotor activity, melatonin
secretion and VP expression rhythm in mice exposed to a LD cycle. Thus, in addition to
behavioral and physiological evidences provided by the locomotor activity and melatonin
secretion rhythm, the result for the VP mRNA expression rhythm which is a direct molecular
clock output, suggests that the integration of these two Zeitgebers is proceeded into the
molecular loops of the clock. In the study of clock gene expression, we demonstrated that
Perl and Cry2 expression rhythm was phase advanced by a timed caloric restriction in mice
placed in a LD cycle.

We confirmed also that behavioral outputs as well as clock and clock-controlled genes
expression of light-synchronized SCN are not affected by temporally restricted feeding
(Challet et al., 1997c; Damiola et al., 2000; Hara et al., 2001). Thus it seems likely that the
timed caloric restriction is able to compete with the LD cycle due more to its hypocaloric
nature and not because it is provided during the day. This suggestion is supported by the fact
that hypocaloric feeding also induces phase advances of the locomotor activity rhythm when
submitted during the night (Challet et al., 1998d). However, temporally restricted feeding like
timed caloric restriction, induces the appearance of a bout of activity preceeding the time of
feeding, named food anticipatory activity (FAA) (Mistlberger, 1994; Stephan, 2002). The
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increase of activity and/or the stress induced by the food deprivation could explain the phase
advances of the behavioral outputs obtained in caloric restricted animals. Indeed, forced
locomotor activity as well as non-photic factors which induce stress in animals, are known to
phase advance the locomotor activity during the subjective day (Mrosovsky et al., 1989;
Antle and Mistlberger, 2000; Meerlo et al., 2002). However, the FAA is also observed in
normocaloric-fed animals but without inducing phase advances. Moreover, an immobilisation
of the animals during the time of FAA, thus preventing them to run during the day, do not
block the phase shifting effects of hypocaloric-fed animals (Challet et al., 1998d). The
implication of diurnal activity being excluded in these phase advances, stress obtained during
FAA and also during immobilisation, could be the factor responsible for the phase shifting
effects of timed caloric restriction under LD cycle. This hypothesis was discarded since a
daily stress applied to animals fed ad libitum and exposed to a LD cycle (Challet et al.,
1998d) did not result in any phase advances of the locomotor activity.

In addition, the phase shifting effects of the interaction between hypocaloric feeding and
LD cycle on clock genes expression rhythm are totally different from those of other known
non-photic cues. Indeed, non-photic cues like forced running activity, induce a decrease of
Perl and Per2 expression when submitted during the day (Maywood et al., 1999; Yannielli et
al., 2002). In contrast, we showed that the interaction between timed caloric restriction and
LD cycle results in an advance of the expression rhythm of Perl and Cry2 and has no effect
on the expression of Per2 and Bmall. The effect of this interaction leads thus to an
impairment of the phase-relationship between the clock genes studied as well as between
clock genes and clock outputs already observed in several jet lag studies (Reddy et al., 2002;
Nagano et al., 2003; Vansteensel et al., 2003). In conclusion, these results provide a further
argument toward a marked difference between the acute effects of the classical non-photic
cues and the chronic effects of the timed caloric restriction.

It seems thus likely that the timed caloric restriction is the only non-photic cue able
to modulate the photic synchronization of the SCN due to its metabolic nature. This cue
cannot therefore be considered as a “classical” non-photic factor having an acute effect
during the day. Conversely, timed caloric restriction is not dependent on the circadian
time of application and has most probably chronic effects. Moreover, we have
demonstrated that the integration of this atypical non-photic cue with the LD cycle is
achieved by the SCN, in the molecular loops responsible for the circadian rhythms

generation.

194



But how is the interaction between these photic and non-photic factors
integrated in the SCN?

1.2. Light entrainement modulation

We showed in the first study that the PRC to light is deeply modified by the interaction
between the LD cycle and the timed caloric restriction. More precisely, the phase advances at
the end of the subjective night are strongly increased while the phase delays are not
significatively modified. Moreover, light which is known not to induce any phase shifts
during the subjective day in ad libitum animals, induced in hypocaloric-fed mice a small, but
significant phase advance. Thus the SCN seem to be more sensitive to light in restricted
animals. These results could thus explain the higher light-induced phase advances of the
locomotor activity rhythm resulting in changed a phase angle of photic synchronization. This
reinforces the idea that timed caloric restriction is atypical compared to other more classical
non-photic cues. Indeed, non-photic cues have been shown to decrease, rather than increase,
the light responses of the SCN. For example, forced locomotor activity (Ralph and
Mrosovsky, 1992; Mistlberger and Antle, 1998) as well as stress (Meerlo et al., 1997; Challet
et al., 2001) are known to decrease light responses of behavioral circadian outputs.

In addition, our results showed that the light-induced expression of Perl and Per2 was
changed by the interaction between hypocaloric feeding and LD cycle. The light induction of
Perl expression was decreased over the entire night while light-induced Per2 expression was
increased at the beginning of the night. As light has been shown to induce differentially Perl
and Per2 expression depending on the time of the night, i.e. light induced the expression of
both genes at the beginning but only Perl at the end of the subjective night (Albrecht et al.,
1997; Shigeyoshi et al., 1997), it is assumed that these two genes play different functions in
the synchronization of the SCN clock. Thus, it is not surprising that timed caloric restriction
and LD cycle interaction differentially modified the light induction of Perl and Per2
depending on night time. However, since the light-induced phase advances of locomotor
activity rhythm were increased at the end of the night, one would expect, at this time, to
obtain increased light-induced Perl expression in hypocaloric-fed mice. In fact, light-induced
Perl expression was decreased in these mice and no difference was observed for the light
induction expression of Per2. In addition, since the light-induced phase delay of locomotor
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activity rhythm was not modified, one would expect, at this time, to have no modification of
light-induced Per expression. On the contrary, at the beginning of the subjective night, light
induction of Perl expression is decreased and light induction of Per2 expression is increased.

In contrast, the light suppression of melatonin secretion during the night was not
affected by the interaction between timed caloric restriction and LD cycle. Thus, this
interaction modified the light induction of the expression of Perl and Per2 without changing
the light suppression of melatonin secretion. These two parameters have also been
differentially affected in hamsters exposed to a LP and pretreated with various glutamate
receptors antagonists (Paul et al., 2003). It was then suggested that two different
neurochemical cascades regulated the effects of light on the levels of Perl mRNA and pineal

melatonin.

Thus, the interaction between timed caloric restriction and LD cycle seems to alter
the light responses of the locomotor activity rhythm by an increase of the light sensitivity
of the SCN clock. However, the effect of this interaction on light induction of Perl and

Per2 expression requires more studies to be elucidated.

But what is the neuronal basis of this modulation of SCN light responses?

1.3. A possible role of 5-HT system

We showed in the first study that timed caloric restriction induces a constant reduction
of plasmatic glucose concentration. Moreover, it has been demonstrated that the SCN contain
glucose sensitive neurons which phase shifted their neuronal firing rhythm in response to in
vitro glucose application (Hall et al., 1997). However, reduced glucose availability attenuates
circadian responses to light on locomotor activity rhythm, i.e. it decreases mostly phase
delays induced by light (Challet et al., 1999). Since in our study, the interaction between
timed caloric restriction and LD cycle increased rather than decreased the light-induced phase
advances and did not modify the light-induced phase delays, glucose availability is probably
not the chronobiotic signal mediating these effects, at least during late night.

Leptin is a possible candidate since this hormone is secreted from adipose tissue during
the night in rodents fed ad libitum (Ahima et al., 1998; Kalsbeek et al., 2001) and shows
short-term changes according to feeding conditions (Ahima et al., 1998; Dallongeville et al.,
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1998). Specifically, in food-restricted rodents, plasma leptin rises only after mealtime
(Martinez-Merlos et al., 2004). Furthermore, leptin has the ability to induce phase advances of
the SCN clock in vitro (Prosser and Bergeron, 2003) and leptin receptors have been shown to
be present in the SCN (Guan et al., 1997). However, phase advances were induced in vitro at
all circadian times except at late subjective night. Since the interaction between restricted
feeding and LD cycle increases the light-induced phase advances at the end of the subjective
night, leptin cannot be considered as the molecule mediating these effects.

Another molecule that could be involved in the interaction between these two cues, is
5-HT. Indeed, acute and long-term application of food restriction as well as fasting have been
shown to increase brain 5-HT metabolism. For example, these treatments increase brain
tryptophan (Kantak et al., 1978; Kohsaka et al., 1980) and brain 5-HT concentrations (Curzon
et al., 1972; Kantak et al., 1978) as well as hypothalamic 5-HT concentrations (Fuenmayor
and Garcia, 1984; Schweiger et al., 1989). These events are correlated with an increase of
5-HT release, measured by 5-HIAA levels (Curzon et al., 1972; Fuenmayor and Garcia, 1984;
Kohsaka et al., 1980; Schweiger et al., 1989). In addition, the density of the 5-HT transporters
(Zhou et al., 1996; Huether et al., 1997) as well as the 5-HT;g sensitivity are lower in the
food-restricted animals (Gur et al., 2003), both leading to the increase of 5-HT in the synapse.
But most of all, the lesion of the 5-HT afferences of the SCN with the specific neurotoxin,
5,7-DHT, is able to reduce the phase advances of the locomotor activity and body temperature
rhythm induced by this interaction, thus demonstrating the central role of 5-HT in this
process. Interestingly, 5-HT agonists in rats have been shown to induce photic-like shifting
effects on the locomotor activity rhythm as well as on c-FOS and clock genes expression in
the SCN (Kennaway et al., 1996; Moyer et al., 1997; Kennaway and Moyer, 1998, 1999;
Varcoe et al., 2003). More precisely for the locomotor activity rhythm, the injection of 5-HT
agonists results in phase delays at the beginning and phase advances at the end of the
subjective night (Kohler et al., 1999). Moreover, the light-induced c-FOS expression in the
SCN is reduced after 5-HT depletion (Moyer and Kennaway, 2000) indicating that 5-HT
could increase the effects of light on the SCN. Thus, the larger light sensitivity obtained at the
end of the subjective night in hypocaloric-fed animals could be explained by a higher 5-HT
level in the SCN.

But the neuronal mechanisms of 5-HT-induced potentiation of light

sensitivity in the SCN are not yet characterized.
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We thus decided to explore this issue in studying the photic-like resetting

effects of 5-HT agonists in rats.

I1. Neuronal mechanisms of photic-like resetting effects of 5-HT
agonists in rats

I1.1. Localization of the 5-HT receptor(s) involved

Our results confirmed that quipazine, a non-specific 5-HT agonist, induces photic-like
effects on the locomotor activity rhythm (Kennaway et al., 1996; Kohler et al., 1999). These
photic-like effects were also shown on melatonin secretion rhythm with DOI or mCPP, two
specific 5-HT,anc and 5-HT,c receptor agonists, respectively (Kennaway, 1997; Kennaway
and Moyer, 1998; Kennaway et al., 2001). In addition, our results demonstrated the
quipazine-induction of c-FOS expression at CT 22 in the SCN, thus corroborating previous
studies showing similar effects with quipazine and DOI (Moyer et al., 1997; Kennaway and
Moyer, 1998; Kohler et al., 1999).

We also showed that an enucleation, leading to a degeneration of the RHT, altered the
photic-like effects while a degeneration of the GHT or the 5-HT input had no effect. Thus,
5-HT receptors that mediate the resetting effects of quipazine in rats are most likely located
on RHT terminals. Our results are clearly in accordance with the finding that quipazine acts
into the SCN (Kalkowski and Wollnik, 1999) and could thus explain the strong differences
obtained between 5-HT agonists effects in rats in vivo and in vitro on SCN slices. Indeed, in
vitro administration of quipazine induces non-photic-like effects, i.e. it leads to phase
advances of the electrical activity rhythm when applied during the subjective day (Prosser et
al., 1990, 1993) and does not induce c-Fos expression in the SCN when applied during the
night (Prosser et al., 1994b). The impairment of the RHT due to optic nerve cut during SCN
slice preparation, could lead to an alteration of its responses to presynaptic 5-HT receptors
activation. One could then propose that the non-photic-like effects would be induced by the
activation of other 5-HT receptors subtypes located on SCN cells.

However, we cannot totally exclude the involvement of 5-HT postsynaptic receptors in
the photic-like shifting effects of 5-HT agonists, because it is quite possible that an
enucleation can down-regulate the expression of 5-HT postsynaptic receptors. Indeed, it has

been shown that enucleation leads to SCN morphological changes, i.e. an increase in
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postsynaptic density material (Guldner and Ingham, 1980) and a decrease in GFAP level in
the SCN as well as tau changes (Yamazaki et al., 2002). Enucleation and subsequent RHT
degeneration seems to have an effect on the SCN and thus could have repercussions on 5-HT
postsynaptic receptors density. However, until now, it has only been shown that specific
neurotoxic lesions of the 5-HT terminals in the SCN result in an up-regulation of 5-HTg
binding sites (Manrique et al., 1994). There is thus no direct evidence of a post-lesional

down-regulation of 5-HT postsynaptic receptors in the SCN.

The subtype of the 5-HT receptor located on the RHT and involved in these

5-HT agonists effects is however unknown.

[1.2. Subtype of the 5-HT receptor involved

We tested the possible involvement of the 5-HT;3 receptors in the photic-like effects of
quipazine on three parameters: locomotor activity rhythm, c-FOS and clock gene expression
in the SCN.

We showed that the injection of m-CPBG, a specific 5-HT3 agonist, at CT 22 induced
phase advances of the locomotor activity rhythm as induced by light. Moreover, the
pretreatment of the animals with ondansetron, a specific 5-HT3 antagonist, before quipazine
injection prevented these phase advances. We thus can conclude that the 5-HT3 receptors are
necessary and sufficient to mediate the photic-like effects of quipazine on the locomotor
activity rhythm.

At CT 22, c-FOS expression in the SCN was induced by m-CPBG, but the pretreatment
with ondansetron before quipazine injections was not able to block this expression. Thus, it
appears likely that the 5-HTj3 receptors are involved in the photic-like induction by 5-HT
agonists of c-FOS expression, but they are not sufficient to explain this effect. Another / other
receptor(s) must be implicated.

In addition, we demonstrated that quipazine injection at CT 22 induced only Perl, but
not Per2, Cryl, Cry2, Bmall and Rev-erba expression in the SCN. Interestingly, similar
effects were obtained after a LP at CT 22. However, injection of m-CPBG was not able to
induce (despite a strong trend) a significant Perl expression in the SCN, suggesting the non
involvement of the 5-HT3 receptor in the induction of these clock gene expression, but maybe
together with another receptor.
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Altogether, our results seem to indicate that the photic-like effects of quipazine are
mediated by various 5-HT receptor subtypes depending on the parameter observed. Different
responses for various parameters of the clock has also been obtained after jet lag experiments.
More precisely, Perl expression and locomotor activity rhythm were differently affected in
these studies (Nagano et al., 2003; Vanteensel et al., 2003). Furthermore, confinement in a
novel-wheel, considered as a non-photic cue, is able to attenuate light-induced phase advances
of locomotor activity rhythm, without affecting light induction of c-FOS and Perl expression
(Edelstein et al., 2003).

Other 5-HT receptor subtypes have been shown to be involved in the photic-like
shifting effects of 5-HT agonists. Kennaway and co-workers (1998) demonstrated that
application of 5-HT,¢c agonists such as DOI, mCPP and TFMPP at CT 18, is able to induce
phase shifts of the melatonin secretion rhythm, while more specific agonists for 5-HTia/7
receptors (e.g. 8-OH-DPAT) or 5-HT3 receptors (1-phenybiguanide) are not. Furthermore, this
effect of DOI on melatonin secretion rhythm can be supressed by the pretreatment with the
specific 5-HT,c antagonist, SB-242084 as well as with the atypical 5-HT,c antagonists
methylclopazine and clopazine. A possible explanation for the differences between this study
and ours is that the 5-HT receptor subtypes implicated in the photic-like phase shifting effects
of 5-HT on the melatonin secretion and those implicated in these effects on the locomotor
activity rhythm, are different. For these two effects, we propose that the 5-HT ¢ receptors and
the 5-HT3 receptors are respectively involved.

Moreover, 5-HT,c receptors was also proposed by these authors, to be the receptor
subtype involved in the 5-HT induction of c-FOS expression in the SCN (Kennaway et al.,
2001). Indeed, DOI injected at CT 18 increases the c-FOS expression in the SCN and can be
blocked by SB-242084. Thus, the 5-HT,c receptors seem to also mediate 5-HT agonists-
induced c-FOS expression in the SCN, at CT 18. However, it is quite possible that c-FOS
expression in the SCN neurons could be induced by the activation of the 5-HT; receptors and
of the 5-HT,c receptors. Indeed, we showed at CT 22, that pretreatment with either
ondansetron or SB-242084 did not induce any significant inhibition of the
quipazine-induction of c-FOS expression, except a weak tendency, suggesting that at this
time, neither the 5-HT3 nor the 5-HT,c receptor subtype are sufficient to induce alone this
effect. We thus propose that both 5-HT receptor subtypes are required to mediate this effect of
quipazine.

Clock gene expression was shown to be induced by the activation of the 5-HTyc

receptor subtype (Varcoe et al., 2003). In fact, DOI (5-HT,asc receptor agonist) injected at
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Zeitgeber time (ZT) 16 induced the expression of Perl and Per2, but had no effect on these
two clock genes at ZT 22. Moreover, RO 60-0175 induce the expression of Perl, but not that
of Per2 at ZT 16 and failed to induce any expression at ZT 22. First, the fact that both
agonists do not induce the same effects on these two genes expression, support the evidence
of a different specificity for the 5-HT,c receptor. RO 0-0175 being more specific for 5-HT,c
receptors than DOI, we can suspect an induction of Per2 by DOI through another receptor
subtype, such as the 5-HT,a receptor. Second, neither DOI nor RO 60-0175 are able to induce
Perl and Per2 at ZT 22. Nevertheless, we showed that quipazine, as light, was able to induce
the expression of Perl, thus demonstrating that 5-HT receptors are involved in this effect.
However, at CT 22, the 5-HT,c receptors subtype are not implicated in the
quipazine-induction of Perl expression and the 5-HT3 receptor subtype activation only
slightly increases Perl expression, meaning that it is not sufficient to induce Perl expression
and that another 5-HT receptor subtype(s) is also implicated in the induction of Perl
expression by 5-HT at CT 22.

Our results also showed that MK-801, a specific NMDA receptor antagonist, was able
to block the phase advances of the locomotor activity rhythm as well as c-FOS expression
induction in the SCN at CT 22. This demonstrates the role of the NMDA receptors and thus
glutamate release in photic-like resetting effects of quipazine. The activation of the 5-HT;
receptors is known in other brain structures to induce glutamate release (Ashworth-Preece et
al., 1995; Wang et al., 1998; Sevoz-Couche et al., 2002; Funahashi et al., 2004) and
subsequent NMDA receptors activation (Reges et al., 2002). Thus, our results provide an
additional argument toward an implication of the 5-HT3 receptors in the phase shifting effects
of quipazine on locomotor activity rhythm. However, the pretreatment of the animals with the
5-HT3 antagonist before the quipazine injection was not able to inhibit the induction of c-FOS
expression, suggesting the involvement of another 5-HT receptor subtype. This supposes that
the activation of this other 5-HT receptor also leads to glutamate release and subsequent
NMDA receptors activation. Indeed, similar results were obtained by Kennaway and
co-workers (1999). They showed that the pretreatment with MK-801 can block the phase
shifts of the melatonin secretion rhythm as well as the induction of c-FOS expression, induced
by DOI. Their hypothesis was that the 5-HT,c receptors are located on SCN neurons,
releasing glutamate locally in the SCN in response to their activation (Kennaway et al., 2001).
Glutamate then binds to NMDA receptors on other SCN neurons and leads to a photic-like
resetting of the clock. This model thus explains how MK-801 is able to block the induction of

c-FOS expression induced by the activation of the postsynaptic 5-HT,c receptor. The model
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of Kennaway implies that the RHT input as well as the 5- HT afferences from the raphe end
on different SCN neurons. This concept however does not fit with available neuroanatomical
data obtained by Ibata et al. (1989), Tanaka et al. (1993) and Bosler and Beaudet (1985)
showing a convergence of these two inputs on the same VIP-ir SCN neurons.

Nevertheless, another 5-HT receptor subtype seems also to be involved at CT 22.
Indeed, 5-CT injected at CT 22 induces a phase advance of the locomotor activity rhythm as
well as c-FOS expression in the SCN (Mullins et al., 1999; Kalkowski, 2000). Moreover, the
5-HT- antagonist, ritanserin, is able to block these phase advances (Kalkowski, 2000) and
c-FOS expression in the SCN (Mullins et al., 1999). Thus, the 5-HT7 receptor could also be

part of the model despite a lack of clear evidence of its localization.

I1.3. A proposition of model for the photic-like resetting effects of 5-HT

The model, represented on Figure 52, is based on the following conclusions:

* Various 5-HT receptor subtypes are involved in the photic-like shifting effects of
5-HT agonists.

* Since specific antagonists are able to block differentially the photic-like effects of
5-HT agonists depending on the parameter considered, we suppose that different
output parameters are controlled by different network of SCN neurons, bearing
different 5-HT receptor subytpes.

* The 5-HT3 receptors, most likely presynaptic and localized on RHT terminals, are
sufficient to mediate the photic-like resetting effects of 5-HT on locomotor
activity rhythm, but seem to be not involved in shifting effects on the melatonin
secretion rhythm.

* In contrast, the 5-HT,c receptors, postsynaptic and localized on SCN neurons,
seem to be not involved in the photic-like resetting effects of 5-HT on locomotor
activity rhythm, but are sufficient to mediate the photic-like resetting effects of
5-HT on melatonin secretion rhythm.

* Both 5-HT3 and 5-HT,c receptors participate in the 5-HT-induction of c-FOS
expression.

* NMDA receptors are involved in the photic-like shifting effects of 5-HT agonists
on both output parameters and on the induction of c-FOS expression by 5-HT

agonists.
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Figure 52. Model proposed for the photic-like resetting effects of 5-HT at CT 22
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* The 5-HT7 receptors may play a role in the photic-like resetting effects of 5-HT

agonists on the locomotor activity rhythm and on c-FOS expression.

One of the main characteristics of this model is that the circadian control of the
locomotor activity and melatonin secretion is provided by two different networks of SCN
neurons. Since this hypothesis is based on results obtained from different studies, it will be
necessary to test the effect of 5-HT agonists on these two parameters in the same study.
Moreover, it will be interesting to try to block differentially the effect of 5-HT agonists on
those parameters with specific 5-HT antagonists, for example 5-HT3 or 5-HT,c receptor
antagonists.

Despite a presynaptic localization of the 5-HT3 receptors in other various brain
structures (Van Hooft and Vijverberg, 2000), a clear demonstration of the presence and the
presynaptic localization of the 5-HT3 receptors in the SCN is still lacking. It will therefore be
necessary to proceed to 5-HT3 immunohistology, in order to prove the presence of the 5-HT3
receptor subtype in the SCN and to show its presynaptic localization. Unfortunately, the only
5-HT; receptor antibody available seems to be not specific enough to obtain clear conclusions
(Mazzia et al., 2003).

In addition, enucleation leading to the RHT degeneration, induced an impairment of the
phase shifting effects of quipazine on the locomotor activity due to the loss of the 5-HT3
receptors activation and subsequently NMDA receptor activation. However, enucleation was
also able to block quipazine-induced c-FOS expression. We can then assume that the
other5-HT receptors involved in this induction is also impaired after the RHT degeneration
most likely through a down-regulation of their expression. In order to know whether both
5-HT3; and 5-HT,c receptor subtypes are involved in the quipazine-induction of c-FOS
expression of the SCN, it will be necessary to assess the effect of a pretreatment combining
both specific 5-HT3 and 5-HT,¢ antagonists.

Nevertheless, this model has been built mostly with results obtained at CT 22. At other
CTs, it is possible that other 5-HT receptor subtypes are involved. It will thus be interesting to
follow over 24 h, the 5-HT3 as well as the 5-HT,¢ receptor density and expression, in order to
find out a possible circadian regulation of 5-HT receptors expression. This could explain the
variation of amplitude of the DOI-induced c-FOS expression throughout the day (Kennaway
etal., 2001).
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Moreover, since 5-HT agonists in other species such as hamsters or mice, have different
resetting properties on the clock, our model is restricted to the rat. The differences found
between these species could be explained by the variation and even a lack of expression of
certain 5-HT receptors subtype. It will thus be important to compare circadian pattern of

expression of these 5-HT receptor subtypes in various species.
[11. Conclusion and perspectives

Taken together, our results have highlighted a modulation of the light sensitivity of the
SCN by the interaction between timed caloric restriction and LD cycle. This interaction seems
to be integrated at the level of the SCN through the action of 5-HT, released by the 5-HT
input coming from the raphe nuclei. At CT 22, 5-HT released from the 5-HT fibers can then
bind to several 5-HT receptors available at this time. The 5-HT3 receptors seem to be involved
in the modulation of the light input to the SCN and more precisely on the locomotor activity
rhythm. However, other 5-HT receptors could also be responsible for the resetting effects of
5-HT on other parameters of the clock.

Nevertheless, it is necessary to verify whether the 5-HT release rhythm in the SCN is
modified by the interaction between timed caloric restriction and LD cycle. This could be
checked by using 5-HT microdialysis technigque in the SCN over 24 h, in rats exposed to a LD
cycle and submitted to hypocaloric feeding. Moreover, the injection of 5-HT3 as well as
NMDA antagonists at the time of the 5-HT peak in restricted animals, could provide more
evidence for the implication of the 5-HT3 receptor. In addition, daily injections of a 5-HT;
agonist could be used to mimic the 5-HT release in rats bearing a lesion of the 5-HT input. If
this treatment leads to phase changes as those observed during timed caloric restriction, this
would give a strong argument toward an implication of the 5-HT3 in the modulation of clock
light sensitivity by timed caloric restriction in LD cycle.

Nevertheless, the 5-HT system seems to be not the only system involved in these
resetting effects of the interaction between timed caloric restriction and LD cycle. Indeed, we
demonstrated that this interaction induces a phase advance of Perl and Cry2 expression
rhythm while a quipazine injection, tested at CT 22, has only an effect on the expression of
Perl. NPY release from the GHT could also be involved in these effects since the IGL lesion
leading to the GHT degeneration, is able to reduce phase advances of the locomotor activity

rhythm induced by the combination of hypocaloric feeding and LD cycle (Challet et al.,

205



1996b). In addition, glucose or leptine levels could also contribute to mediate these effects.
Indeed, it has been shown that SCN contain glucose sensitive neurons (Hall et al., 1997).
Moreover, reduced glucose availability is known to decrease the light sensitivity of the clock
mostly at the beginning of the subjective night (Challet et al., 1999). Leptin has also
chronobiotic effects on the clock, inducing phase advances of the clock during the day and the
beginning of the subjective night (Prosser and Bergeron, 2003). Thus, combination of the
effects of these molecules could explain the effects of interaction between timed caloric

restriction and LD cycle.

In conclusion, when animals live in their natural environment, they can be exposed
to extreme conditions such as drastic reduction in food availability, for example during
wintertime. Their clock then receives feedback information from periphery that helps
them to cope with these environmental changes. This information, most likely conveyed
by several neuronal systems, like the 5-HT system, modulates the light sensitivity of the
circadian clock. For this, the 5-HT system uses a large range of 5-HT receptors to

accurately influence the functionning of the clock.
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