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Seznam pouzitych zkratek

AA-NAT - arylalkylamin N-acetyltransferasa

AVP — arginin-vasopresin

BDNF - brain derived neurotrophic factor

Bmall - brain and muscle Arnt-like protein 1

CaMKII - Q2+/calmodulin-dependentni proteinkinasa II
cAMP — cyklicky adenosinmonofosfat

CCGs - clock controlled genes, geny ovladané hodinami
CK1e/o - kasein-kinasale/d

Clock - circadian locomotor output cycles kaput

CRE — Qaz+/cAMP response element

CREB - Qa%/cAMP response element binding protein
Cryl, 2 - Cryptochromel, Cryptochrome2

CT — circadian time

DD - dark-dark, konstantni tma

Dexras] - dexamethasonem indukovany RAS protein 1
dm - dorsomedialni

E - den embryonalniho (prenatalniho) vyvoje

ERK - extracellular signal-regulated kinase

GABA - kyselina y-aminomaselna

GHT - geniculohypothalamicky trakt

HIOMT - hydroxyindol-O-methyltransferasa

IGL — intergeniculate leaflet

LD — light-dark, svételny rezim ve kterém se stfida svétla a tmava faze, napt. pti LD

12:12 se stfida 12 hod svétla a 12 hod tmy
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MAPK - mitogen-activated protein kinase

NMDA — N-methyl-D-aspartat

P — den postnatalniho vyvoje

PACAP - pituitary adenylate cyclase-activating polypeptide

Perl, 2, 3 - Periodl, Period 2, Period 3

Rev-erba - jaderny receptor NR1D1

RGC:s - retinal ganglion cells, fotoreceptivni gangliové bunky sitnice
RHT - retinohypothalamicky trakt

Rora - retinoic acid-related orphan receptor a

RORE - REV-ERBo/ROR response element

RPE — retinal pigment epithelium

SCN — suprachiasmatic nucleus, suprachiasmaticka jadra hypothalamu
UTP — uridintrifosfat

VIP — vasoaktivni intestinalni polypeptid

vl — ventrolateralni
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Uvod

U vétSiny znamych organisml byla prokdzéna existence biologickych hodin,
které tidi rytmy s periodou pfiblizn¢ 24 hodin, tzv. cirkadianni rytmy. Tyto rytmy lze
pozorovat na rdznych turovnich, pocinaje urovni celého téla (rytmus v pohybové
aktivité, spanku a bdéni, pfijmu potravy), ptes fyziologické funkce (jako napt. rytmy v
télesné teploté¢ ¢i tvorbé a uvolnovani nékterych hormontl), az po molekularni a
bunécnou uroven (kde dochézi k rytmickému prepisu nékterych genil a tvorbé proteinit).
Cirkadianni rytmy nejsou pouhou reakci na zmény vné&jSich podminek, ale a jsou
vrozené, tj. endogenni. V prostiedi bez periodicky se opakujicich podnétt bézi s vlastni
vnitini periodou, jejiz délka je druhové specifickd a zpravidla se nerovna zcela presné
24 hodinam (napf. u mysi je to 23,6 hod, u potkana - podobné jako u ¢loveka — cca 24,2
hod). Aby nedochézelo k predbihani rytmt, jejichz perioda je krat$i nez 24 hodin, ¢i
naopak zpozd'ovani rytmi s periodou delsi nez 24 hodin, jsou cirkadianni hodiny s 24-
hodinovym dnem pravidelné synchronizovany. Pti synchronizaci dochazi k posunu faze
rytmu tak, aby byla vsouladu sfizi rytmu synchronizatoru. NejdilezitéjSim
synchronizatorem cirkadiannich hodin je svétlo, a to jak jednotlivé svételné zablesky
(tzv. diskrétni synchronizace), tak 1 délka svétlé c¢asti dne (tzv. kontinudlni
synchronizace). Svétlo zvecera plsobi zpozdéni rytmt s periodou kratsi nez 24 hodin,
zatimco svétlo zrana zpusobuje predbéhnuti rytmu s periodou del$i nez 24 hodin (Daan
a Pittendrigh, 1976). Kazdodenni svételnou synchronizaci je udrzovana perioda rytmu
piesné 24 hodin. Krom¢ svétla piisobi jako synchronizatory také signaly nesvételné
povahy napt. zmény okolni teploty, pohybova aktivita nebo socidlni podnéty (piehledné
viz Hastings et al., 1998).

V laboratornich podminkdch jsou pokusna zvitata obvykle chovana pfi
svételném rezimu, kde se pravidelné stfida svétld a tmava faze (LD, light-dark). Pii
zkouméni endogenniho mechanismu fidiciho cirkadianni rytmy je vSak nutno odstranit
akutni ,,maskujici* vliv svétla a proto byvaji zvifata pfi experimentech pfevedena do
konstantni tmy (DD, dark-dark). V DD se stfida tzv. subjektivni noc, tj. obdobi kdy jsou
no¢ni zvirata aktivni a je mozno svételnym pulsem vyvolat posun faze, a subjektivni

den, kdy jsou no¢ni zvifata neaktivni a svétlo fazi cirkadidnnich rytmil neovliviiuje.
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1. Cirkadianni systém savcu, jeho funkce a vyvoj

1.1 Cirkadianni systém

Pivodni pfedstavy o cirkadiannim systému vychdzely z ptedpokladu, ze
cirkadianni rytmy jsou generovany jedinym tzv. centralnim oscildtorem (pacemakerem,
hodinami), ktery je u savcii ulozen v suprachiasmatickych jadrech hypothalamu (Ralph
et al., 1990; Klein et al., 1991). Nov¢jsi studie vSak dokladaji vyskyt mnoha dalSich
oscilatort v perifernich organech a ukazuji, ze jde ve skuteCnosti o mnohem
komplikovanéjsi systém se znacnym fyziologickym vyznamem. Centralni hodiny v ném
pravdépodobné funguji jako synchronizator fazi jednotlivych perifernich oscilatort.

Centralnimi hodinami savci vcéetné clovéka je parové jadro nucleus
suprachiasmaticus hypothalami (SCN, suprachiasmatic nuclei). SCN je mozno funkéné
1 morfologicky rozdé€lit na dvé ¢asti: ¢ast dorsomedialni (dmSCN) a ¢ast ventrolateralni
(VISCN). DmSCN je tvofeno zejména neurony produkujicimi arginin-vasopressin
(AVP) a byva funkéné spojovano se vznikem endogenni rytmicity. Neurony vISCN
produkuji vasoaktivni intestinalni polypeptid (VIP). Ventralni ¢ast SCN tésné piiléha
k chiasma opticum a hraje dileZitou roli ve svételné synchronizaci cirkadiannich rytmd.
Kromé toho jsou v SCN piitomny také dalS$i neuropeptidy a neuromodulatory, napft.
gastrin—releasing peptid, somatostatin, peptid histidin-isoleucin ¢i substance P (piehled
viz Ibata et al., 1999; van Esseveldt et al., 2000)

Informace o svétle se do SCN dostava ze sitnice retinohypothalamickym traktem
(RHT, radix optica hypothalamica). Hlavnim medidtorem RHT je glutamat. Dalsi
nepiima draha, tzv. geniculo-hypothalamicky trakt (GHT) vede ze sitnice pies nucleus
geniculatus lateralis thalami (tzv. IGL, intergeniculate leaflet) a pfivadi do SCN
informace o svételnych i1 nesvételnych podnétech. Hlavnim medidtorem GHT je
neuropeptid Y. SCN pfijimaji dalsi podnéty také serotoninergni drahou z raphe nuclei a
z dal$ich ¢asti mozku.

Oscilace vznikajici v buitkkdch SCN c¢innosti molekularniho mechanismu (viz
kapitola 1.1.3.) jsou pfevadény na rytmus v elektrické aktivité neuronil a na rytmickou
produkci neuropeptidli. Elektrickd aktivita neurontt SCN je vyS$i pfes den a rytmus
v elektrické aktivit¢ neuronll je pfitomen i1 v pfipadé Ze je jim v podminkach in vitro
zabranéno tvorit synapse. Za téchto okolnosti vykazuje kazda bunka rytmus v elektrické

aktivité¢ s fazi odliSnou od okolnich bun¢k a tento jeji rytmus se s nezménénou fazi

10
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obnovi 1 po docCasném zablokovani elektrické aktivity tetrodotoxinem (Welsh et al.,
1995; Pennartz et al., 2002, Schwartz et al., 1987). Z vySe uvedeného vyplyva, Ze
centralni pacemaker je patrné in vivo sloZzen z vice nezévislych oscilatord, které jsou
navzajem synchronizovany dosud neznamym mechanismem.

Kromé¢ elektrické aktivity neuronti se na pienosu rytma z SCN do dalSich ¢asti
mozku podileji 1 mediatory rytmicky produkované bunikkami SCN. Jedné se zejména o
AVP, kyselinu y-amminomaselnou (GABA), glutamat a dalsi. V SCN je mozZno rozlisit
n¢kolik subpopulaci neuroni, které rytmicky produkuji urcity mediator, popft. jejich
kombinaci. Tyto subpopulace hraji dulezitou roli pii cirkadianni regulaci vylevu
nekterych hormont (souhrn viz Kalsbeek et al., 2006).

Vyse popsané rytmy na trovni SCN jsou pfenaseny fadou nervovych drah do
dalsich oblasti hypothalamu a také do dalSich ¢asti mozku (podrobnéjsi anatomie viz
Watts, 1991). Nervovymi drahami z SCN je zprostfedkovana cirkadianni regulace
tvorby nékterych hormoni, napt. melatoninu, kortikosteronu ¢i gonadotropin-releasing
faktoru. Melatonin (N-acetyl-5-hydroxytryptamin) je tvofen v epifyze ze serotoninu (5-
hydroxytryptaminu) cCinnosti arylalkylamin N-acetyltransferasy (AA-NAT) a
hydroxyindol-O-methyltransferasy (HIOMT). Aktivita AA-NAT je nizka pies den a
vysokéd v noci (Illnerova a Vanécek, 1980). Vysokd hladina melatoninu v plasmé tak
pusobi jako vyznamny signdl, ktery informuje organismus nejen o denni dobé, ale i o
délce noci a tim o aktudlnim ro¢nim obdobi. Mediatorem, ktery se podili na aktivaci
no¢niho vylevu melatoninu je patrné glutamat produkovany urcitou subpopulaci
neuroni SCN, zatimco ranni pokles hladiny melatoninu fidi subpopulace bun¢k SCN
produkujici GABA (Kalsbeek et al., 2006). Do epifyzy se informace z SCN dostavaji
multisynaptickou drahou zdmSCN pies nucleus paraventricularis hypothalami,
intermediolateralni sloupec Sedé hmoty ve spindlni miSe a ganglion cervicale superior.
Nucleus paraventricularis obsahuje mj. neurony produkujici kortikotropin-releasing
faktor a drahou z SCN je tak ovlivnéna 1 hladina kortikosteronu v plasmé (Buijs et al.,
1999). Neptimo jsou signaly z SCN ovlivnény i hladiny pohlavnich hormonti drahou
vedouci do preoptické oblasti, kde se podili na regulaci uvolfiovani gonadotropin-

releasing faktoru (van der Beek et al., 1997).

1.1.1 Molekularni mechanismus vzniku cirkadiannich rytmu

Vlastni mechanismus vzniku endogennich oscilaci je zaloZen na systému

vzajemné propojenych zpétnovazebnych transkripéné-translacnich smycek. Soucasti

11



Disertaéni prace Vyvoj svételné synchronizace...

téchto smycek jsou tzv. hodinové geny, tj. geny jejichz mutace ¢i vyfazeni (knock-out)
zpusobi naruSeni az ztratu cirkadidnni rytmicity. Proteiny kddované témito geny
vstupuji do jadra a reguluji transkripci vlastnich gent. U savcl byly jako hodinové
oznaceny geny: Clock (circadian locomotor output cycles kaput), Bmall (brain and
muscle Arnt-like protein 1), Periodl (Perl), Period2 (Per2) a Period3 (Per3),
Cryptochromel (Cryl) a Cryptochrome2 (Cry2), Rev-erbo (jaderny receptor NR1D1),
Rora (retinoic acid-related orphan receptor a) a kasein-kinasale/o (CK1e/0) (piehled viz
Reppert a Weaver, 2001; Ko a Takahashi, 2006). Proteinové produkty hodinovych gent
Clock a Bmall tvoii heterodimery CLOCK:BMALI, které se v jadie v komplexu
s histonacetylazou p300 vazou na E-boxy v promotorech genli skupiny Per a Cry a do
promotoru Rev-erba a Rora a aktivuji tak jejich transkripci (Etchegaray et al., 2003;
Sato et al., 2004). V cytoplasmé se nasledné tvoii proteiny PER1, 2, 3 a CRY1 a 2, které¢
se spojuji v homo i heterodimery a jsou transportovany do jadra. V jadie dimery
PER:CRY narusuji komplex CLOCK:BMALI1 — p300 a negativné tak ovliviiuji vlastni
transkripci. Protein REV-ERBa je rovnéZ transportovan do jadra, kde se vdze na tzv.
RORE sekvence (REV-ERBa/ROR response element) a pisobi jako represor
transkripce genu Bmall. Tato represe snizuje dostupnost proteinu BMALI1, coz vede
k zpétnovazebné negativni regulaci vzniku REV-ERBa. Tato negativni zpétna vazba je
patrn€ inhibovadna proteinem PER2, ktery tak plsobi jako pozitivni zpétnovazebny
regulator zvySujici dostupnost BMALI1 (Preitner et al., 2002; Ueda et al. 2002). Do
stejného mista jako REV-ERBa se vaze také protein RORA, ktery naopak piisobi jako
pozitivni regulator exprese Bmall (Akashi a Takumi, 2005; Guillaumond et al., 2005).
Vysledkem vySe popsanych vzajemné propojenych zpétnovazebnych smycek (viz Obr.
1) jsou rytmické oscilace mRNA hodinovych gent a jejich proteinovych produkta.
Exprese genti Per, Cry a Rev-erba vrcholi béhem subjektivniho dne a rytmus v jejich
expresi je tak v protifazi k rytmu v expresi Bmall, ktera vrcholi béhem noci. Vyjimku
tvoii gen Clock, ktery v SCN nevykazuje rytmus v expresi.

Dtlezitou roli pfi pfesné koordinaci celého mechanismu hraji posttransla¢ni
modifikace proteinovych produkti hodinovych gend. Klicovou roli hraje zejména
rytmickd aktivita kinasy CK1¢/6, kterd fosforyluje proteiny PER a CRY a tim umoznuje
jejich vstup do jadra (Akashi et al., 2002). Fosforylovany protein PER2 se stavé zaroven
substratem pro ubiquitin-ligasu, ktera pfipojenim ubiquitinu oznacuje proteiny pro
degradaci. Délka vnitini periody organismu se zda byt zavisla na rychlosti degradace

PER2, resp. jeho fosforylace kinasou CKle/d (Eide et al., 2005). Rovnéz protein

12
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BMALI1 podléhd rytmické posttranslacni modifikaci. Kdyz vytvoii komplex
CLOCK:BMALI1 a iniciuje transkripci dal$ich hodinovych gentl, navdZe se na n¢j maly
protein SUMO, ktery méni jeho lokalizaci a oznacuje ho pro ubiquitinylaci a naslednou
degradaci (Cardone et al.,, 2005; Lee et al., 2008). Poruchy v mechanismu
posttranslacnich modifikaci mohou zptsobit poruchy cirkadianni rytmicity, zejména
zmény v délce vnitini periody cirkadidnnich rytmi.
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Obrazek 1: Schéma molekularniho mechanismu cirkadiannich hodin v buiikach SCN (podle Ko a
Takahashi, 2006). Béhem noci dochazi k expresi genu Bmall, proteiny BMAL1 a CLOCK tvori
heterodimery a v komplexu s p300 na zacatku dne aktivuji transkripci hodinovych geni Per, Cry,
Roro, Rev-erbo a také CCG (clock controlled genes, genu kontrolovanych hodinami). Proteiny
PER a CRY jsou fosforylovainy CKlg/d6 (kasein-kinasou 1¢&/6) a transportovany do jadra, kde
negativni zpétnou vazbou ovliviiuji CLOCK:BMALI1 iniciovanou transkripci a zirovei jsou
oznaceny pro degradaci. Protein REV-ERBa slouzi jako negativni a RORA jako pozitivni regulator
transkripce Bmall. SniZeni dostupnosti proteinu BMAL1 v pribéhu subjektivniho dne vede
postupné ke sniZeni transkripce Per, Cry a Rev-Erba, ¢imZ dojde k pieruseni negativni zpétné

vazby a transkripce Bmall se béhem noci opét zvysi.
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Cinnost molekularniho mechanismu vytvéiejiciho cirkadidnni oscilace v SCN
musi byt néjakym zpisobem pifevedena na rytmus v neurondlni aktivité a na produkci
neuropeptidii. Vystup zcirkadianniho oscilatoru je =zajiStovan tzv. hodinami
kontrolovanymi geny (CCGs, clock controlled genes), resp. jejich proteinovymi
produkty. Jednd se o geny, které nejsou nutné pro vznik cirkadiannich oscilaci, ale
presto jejich exprese vykazuje cirkadidnni rytmus. Maji totiz ve svém promotoru E-
boxy, na které se vazou heterodimery CLOCK:BMALI a rytmicky tak spousti jejich
transkripci. Mezi CCGs patii napi. AVP a nékteré receptory a podjednotky iontovych
kanalt, diky ¢emuz je rytmicky fizena aktivita neuroni SCN (ptehled viz Reppert a

Weaver, 2001).

1.1.2 Uloha sitnice v cirkadiannim systému

Pro zajiSténi synchronizace cirkadidnnich hodin svétlem je u savcli nezbytna
svétlo¢ivna funkce sitnice. Nedavno bylo zjisténo, Zze kromé ty¢inek a ¢ipk se v sitnici
nachazeji jesté dalsi fotoreceptivni buiiky. Cast gangliovych bunék sitnice (RGCs,
retinal ganglion cells) produkuje opsinu podobny fotopigment melanopsin a jejich
axony tvoii podstatnou ¢ast RHT (Hattar et al., 2002; Berson et al., 2002). Pfedavaji tak
do SCN informaci o svétle nezavisle na tyCinkach a cipcich a funguji jako tzv.
,cirkadianni fotoreceptory* (ptehled viz Morin a Allen, 2006).

Diilezitou ulohu v adaptaci sitnice na ménici se svételné podminky hraje
rytmicka produkce dopaminu a melatoninu v sitnici. Dopamin je ve dne produkovan
amakrinnimi bufikami a podili se na adaptaci fotoreceptorti na svétlo. Melatonin je
syntetizovan ve fotoreceptorové vrstvé zejména béhem noci a byva spojovan s adaptaci
fotoreceptorti na tmu. Jeho produkce je pfes den negativné regulovdna dopaminem,
zatimco béhem noci melatonin naopak snizuje produkci dopaminu (Doyle et al., 2002).
Rytmus v produkci melatoninu ptetrvava v in vitro podminkach i v konstantni tmé
s periodou piiblizné¢ 24hod, coz doklada, Zze sitnice funguje také jako cirkadianni
oscilator (Tosini a Menaker, 1996). K rytmické expresi AA-NAT — enzymu, ktery se
podili na syntéze melatoninu — dochazi i u zvifat s 1ézi SCN, takze produkce melatoninu
v sitnici je patrné na SCN nezdvisld (Sakamoto et al., 2000; piehled viz Tosini a
Fukuhara, 2002).

V sitnici potkana dochdzi k expresi zdkladnich soucasti molekularniho
mechanismu cirkadidnnich hodin - hodinovych genti Perl, Per2, Cryl, Cry2, Bmall a

Clock. Dosavadni informace ale naznacuji, ze molekularni mechanismus cirkadidnnich
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hodin v sitnici je jiny nez v SCN (piehled viz Tosini a Fukuhara, 2002; Tosini et al.,
2008). V sitnici potkana byla popsana rytmicka exprese hodinovych gent Cryl, Cry2,
Per2 a Clock, ale nikoliv Perl a Bmall (Namihira et al., 1999; 2001; Park a Kang,
20006). Jiné studie naopak ukdzaly, Ze v sitnici mysi jsou rytmicky exprimovany i geny
Perl a Bmall a exprese Clock rytmus nevykazuje (Ruan et al., 2006; Witkovsky et al.,
2003). Po osvétleni byla pozorovana indukce exprese hodinovych gent Perl a Per2 ale
také Bmall a Clock (Namihira et al., 1999; 2001). Vysledky studii exprese hodinovych
genu v sitnici potkanii a mys$i nejsou Uplné konzistentni. Pfi¢inou mlze byt fakt, Ze
sitnice je tvofena riiznymi typy bunék, ve kterych miize dochazet k rytmické expresi
jednoho ¢i vice hodinovych gent, ale rytmy jsou navzajem fazoveé posunuty.

S ohledem na strukturu sitnice je obtizné zjistit, ve kterém typu bun€k se
cirkadidnni pacemaker nachazi. Rytmick4 exprese aa-nat mRNA ve fotoreceptorové
vrstvé sitnice je pravdépodobné — podobné jako CCGs v SCN - fizena heterodimerem
CLOCK:BMALI. Tosini et al. (2007) proto umistili cirkadianni hodiny do
fotoreceptorové vrstvy. Jiné prace naopak ukazuji koordinovanou expresi hodinovych
genl ve vnitfnich vrstvach sitnice, zejména v dopaminergnich amakrinnich buikéch
(Ruan et al., 2006). Rytmicka exprese hodinového genu Per/ byla u mysi pozorovana
ve vnitini nukledrni a gangliové vrstvé sitnice spiSe nez ve fotoreceptorech (Witkovsky
et al., 2003). Cirkadianni oscilator v sitnici by se mohl podilet i na regulaci citlivosti

cirkadidnniho systému k vnéj$im svételnym podnétim.

1.1.3 Svételna synchronizace na molekularni urovni

Jak jiz bylo naznaceno v uvodu, cirkadidnni hodiny v SCN jsou citlivé k
synchronizaci svételnymi podnéty pouze v dobé tzv. subjektivni noci. Dfive nez byly
znamy hodinové geny savctll, vyuzivaly studie zkoumajici vliv svétla na SCN jako
ukazatel neboli marker faze cirkadidnnich hodin ¢asny rany gen c-fos. Exprese c-fos
mRNA v SCN je zvySena po osvétleni v prvni 1 druhé poloviné subjektivni noci, tedy
v dobé¢, kdy svétlo plisobi fazové zpozdéni, resp. predbéhnuti cirkadiannich rytm, ale
nikoliv béhem subjektivniho dne. K indukci exprese c-fos mRNA a naslednému zvySeni
produkce proteinu c-FOS dochézi vyhradné ve vISCN, tedy v misté, které je v pfimém
spojenti se sitnici pies RHT (Kornhauser et al., 1990, Rusak et al., 1990, 1992).

Po osvétleni v noci je v SCN uvolnén z nervovych zakonceni RHT glutamat,
ktery se vaze na NMDA receptory neurontt SCN a spousti tak systém signalnich drah
uvnitt buiiky (viz Obr. 2; ptehledné viz Hirota a Fukada, 2004). Dochazi ke zvySeni
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intracelularni koncentrace Ca’" a aktivaci NO synthasy (Ding et al., 1994), coz vede
k aktivaci Ca2+/calmodulin-dependentni proteinkinasy II (CaMKII) a MAPKinasové
(mitogen-activated protein kinase) drdhy (Obrietan et al., 1998; Dziema et al., 2003).
Aktivaci této signalni drahy dochdzi k fosforylaci kinasy ERK (extracellular signal-
regulated kinase) a jejimu vstupu do jadra, kde fosforyluje DNA-vazebny Ca*"/cAMP
response element binding protein (CREB). Fosforylace CREB, ktery se vaze na
Ca®"/cAMP response element (CRE) sekvenci v promotorech hodinovych geni Perl,
Per2 a casného raného genu c-Fos vede k aktivaci histonacetylas a tim ke zméndm ve
struktufe chromatinu usnadiiujicim iniciaci transkripce (Crosio et al., 2000; Naruse et
al., 2004). Aktivace transkripce Per genli prostfednictvim CLOCK:BMALI
heterodimeru popsana v predchozi kapitole, je na CRE pravdépodobné nezavisla
(Travnickova-Bendova et al., 2002). Dalsi signalni drdha zahrnuje zvySeni produkce
cyklického guanosinmonofosfatu NO-dependentni guanylatcyklasou a aktivaci cGMP-
dependentni proteinkinasy II, ktera se pravdépodobné podili zejména na aktivaci
transkripce Per2 (Oster et al., 2003).

Cast melanopsin-produkujicich RGCs, které vedou informaci o svétle ze sitnice
do SCN (viz kapitola 1.1.2), produkuje také signalni peptid PACAP (pituitary adenylate
cyclase-activating polypeptide). PACAP funguje jako moduldtor glutamatergni
signalizace v SCN (Hannibal et al., 2000; Chen et al., 1999). VaZe se na receptory
PACI sptazené s G-proteiny, pravdépodobné aktivuje MAPKinasovou drahu a mize se
tak podilet na svételné indukci hodinovych genti Per (Nielsen et al., 2001; Butcher et
al., 2005).

Aplikace svételného pulsu béhem prvni a druhé poloviny subjektivni noci
indukuje v SCN expresi hodinového genu Perl. Exprese hodinového genu Per2 je
svétlem indukovana ptevazné v prvni poloviné subjektivni noci (Miyake et al., 2000).
Hodinové geny Perl a Per2 jsou povazovany za komponenty molekularniho
mechanismu cirkadidnnich hodin nezbytné pro synchronizaci cirkadidnnich rytmi
svételnymi podnéty (Albrecht et al., 2001). Ke zvySeni hladiny Per! a Per2 mRNA,
resp. proteinii PER1 a PER2 po svételném pulsu dochazi zejména ve vISCN (Yan a
Silver, 2004). Odtud je zfejm¢ informace predavana do dmSCN a ovliviiuje vystupy z
oscilatoru.

Exprese hodinovych genii Perl a Per? je citliva na svétlo pouze v dobé¢, kdy je
jejich spontanni exprese v SCN nizka. Mechanismus regulace neboli ,,vratkovani®

citlivosti ke svétlu je tak zakodovan v samotném molekularnim zékladu cirkadiannich
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hodin. N¢které studie spojuji mechanismus regulace citlivosti SCN ke svétlu s peptidem
BDNF (brain derived neurotrophic factor) a proteinem Dexrasl (dexamethasonem
indukovany RAS protein 1). Vzhledem k tomu, Ze receptory pro BDNF se nachéazeji na
nervovych zakoncenich RHT v blizkosti neuroni SCN produkujicich BDNF, je
pravdépodobné, ze BDNF zvysuje citlivost cirkadiannich hodin v SCN ke svételnym
podnétim (Liang et al., 1998a; Liang et al., 2000). Ke zvySeni citlivosti mlize dochéazet
jak presynapticky - zvySenim vylevu glutamatu z RHT, tak postsynapticky — ovlivnénim
citlivostit NMDA a AMPA receptorii na neuronech SCN (Michel et al., 2006). Bdnf i
Dexras] mRNA vykazuji v SCN cirkadianni rytmus a produkce BDNF a Dexrasl v
SCN vrcholi v dobé subjektivni noci (Liang et al.,, 1998b; Takahashi et al., 2003).
Dexras1 moduluje citlivost cirkadidnnich hodin ke svételnym i1 nesvételnym podnétim
pusobenim na signalni drahy, zejména na MAPKinasovou drdhu a na signalizaci pies
Gj/o skupinu G-proteint (Cheng et al., 2006).

Kromé¢ okamzitého vlivu svételnych pulst na expresi hodinovych genti Perl a
Per2, dochazi vlivem zmény délky dne, tj. fotoperiody, ke zméndm v profilech exprese

hodinovych genti Perl, Cryl a Bmall v SCN (ptehled viz Sumova et al., 2003).
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Obrazek 2: Schematické znazornéni signalnich drah svételné synchronizace v SCN s vyznacenymi
misty regula¢niho pisobeni BDNF a Dexrasl (Sedé Sipky). PouZité zkratky: BDNF = brain derived
neurotrophic factor, CaM = calmodulin, CaMII = calmodulin-dependentni proteinkinasa II, cGKII
= ¢GMP-dependentni proteinkinasa I, cGMP = cyklicky guanosinmonofosfat, CRE = Ca2+/cAMP
response element, CREB = Ca2+/cAMP response element binding protein, Dexrasl =
dexamethasone-induced RAS protein 1, ERK = extracellular signal-regulated kinase, GC =
guanylatcyklasa, GTP = guanosintrifosfat, MAPK = mitogen-activated protein kinase, NMDAr =
N-methyl-D-aspartatovy receptor, NOS = NO-synthasa, PACAP = pituitary adenylate cyclase-
activating polypeptide, PAC1r = receptor pro PACAP (zpracovano podle Hirota a Fukada (2004) a

praci uvedenych v textu)
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1.1.4 Vyvoj cirkadianniho systému

Mlad’ata primati véetn¢ ¢loveka a také dalSich velkych savcl se rodi pomérné
dobfe vyvinuta a nckteré fyziologické rytmy jsou u nich patrné jesté¢ v prenatalnim
obdobi vyvoje. U novorozenych déti vSak ihned po porodu pievazuje u piijmu potravy
¢i spanku a bdéni spiSe rytmicita s periodou vyrazné krat$i nez 24 hodin (ultradianni).
Cirkadianni rytmicita zac¢ind ptevladat teprve postupné béhem prvniho meésice Zivota
(Lohr a Sigmund, 1999). Mlad’ata hlodavci se rodi méné vyvinutda a méfitelné
cirkadianni rytmy se objevuji pfevazné az po narozeni. Z tohoto diivodu jsou potkani a
mysSi v ¢asnych stadiich postnatalniho vyvoje vhodnym objektem pro vyzkum vyvoje
cirkadidnni rytmicity. V ptedkladané praci byl modelovym zvifetem laboratorni potkan
a proto je souhrn poznatkli o vyvoji cirkadidnniho systému omezen na tento zivociSny
druh.

Bfezost trvda u potkant 22-23 dnlG. SCN je tvofeno mezi 13. a 16. dnem
embryonalniho vyvoje a VISCN vznik4 diive nez dmSCN (piehled viz Weinert, 2005).
Brzy po zformovani SCN, 19. den embryonalniho vyvoje, byl pozorovan rozdil mezi
denni a no¢ni metabolickou aktivitou bun€k SCN (Reppert a Schwarz, 1984). 20. den
embryonalniho vyvoje vSak jest¢ nedochdzi k rytmické expresi genu Avp, protoze
hladiny heteronuklearni RNA Avp jsou béhem 24-hodinového cyklu konstantni
(Kovéacikova et al., 2006). 21. den embryondlniho vyvoje byly zaznamenany prvni
rozdily v hladiné 4vp mRNA v SCN mezi dnem a noci (Reppert a Uhl, 1987).
Neuronalni aktivita v . SCN potkana je vyssi béhem dne a niz$i béhem noci ode dne
porodu. Tento rytmus se postupné vyviji a u mlad’at starych dva tydny dosahuje stejné
urovné jako u dospé€lych potkanti (Shibata a Moore, 1987).

Exprese hodinovych genii Perl, Per2, Cryl, Bmall a Clock byla v SCN potkana
detekovéna jiz 19. den embryonalniho vyvoje, v této dobé vsak jesté nebyl detekovan
cirkadidnni rytmus v jejich expresi (Sladek et al., 2004). Denni rytmy v hladiné Per/ a
Per2 mRNA v SCN potkana zacinaji byt patrné az 1. den po narozeni. Exprese je
prokazatelné rytmicka u 2-dennich mlad’at a déale se vyviji. Prvni ndznaky rytmu
v expresi Cryl mRNA jsou patrné druhy den po narozeni (Kovacikova et al., 2006) a u
3-dennich mlad’at je rytmus jiz prokazatelny a rovnéz se s vékem dale vyviji (Sladek et
al., 2004). Hladina Bmall mRNA v SCN je 19. a 20. den embryonalniho vyvoje vyssi
nez u ostatnich hodinovych gent a jeji rytmické zmény jsou patrné od 1. dne po

narozeni, pficemz teprve u 2-dennich mlad’at se za¢ina objevovat typicky 24-hod profil,
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ktery je v protifazi k profilam Per a Cry mRNA (Kovacikova et al., 2006). Amplituda
rytmu v expresi vSech sledovanych hodinovych genli se déale zvétSuje mezi 3. a 10.
postnatalnim dnem (Sladek et al., 2004). Stejné jako u dospélych potkanti neni exprese
hodinového genu Clock v SCN béhem prenatilniho a ¢asného postnatalniho vyvoje
rytmickd (Sladek et al., 2004; Kovacikova et al., 2006). Z vySe uvedenych udaja je
patrné Ze jednotlivé ¢asti molekularniho mechanismu cirkadidnnich hodin se vyvijeji

postupné a prevazné béhem casného postnatalniho obdobi (viz Tab. 1).

1.1.4.1 Synchronizace svétlem béhem ontogeneze

Reakce vyvijejiciho se cirkadianniho systému na svételné podnéty je kromé
dosazeni zralosti jednotlivych ¢asti molekuldrniho mechanismu zavisla i na vyvoji drah,
kterymi je informace o svétle pfenasena ze sitnice do SCN. Od 18. dne embryonalniho
vyvoje zaCind byt ve vnitini vrstvé neuroblastii sitnice potkana tvoien cirkadidnni
fotopigment melanopsin. V obdobi okolo porodu buiiky obsahujici melanopsin migruji
do vrstvy gangliovych bunék a v ¢asné postnatalni ontogenezi vytvareji dendritickou sit’
ve vnitini plexiformni vrstvé (Fahrenkrug et al., 2004). Fotoreceptory, které se ucastni
pienosu vizualnich podnétli, se u mlad’at vyvijeji pozdéji a sviij vyvoj dokoncuji az
béhem tietiho tydne postnatalniho Zivota. Projekce RHT, tvofené¢ho z vétsi €asti vldkny
RGCs, do SCN a ptilehlych oblasti se za¢ind objevovat 1. den po narozeni v podobé
izolovanych vldken vedoucich na ventralni okraj SCN. Dospélé urovné inervace je
dosazeno piiblizn¢ 10. den postnatalniho vyvoje (Speh a Moore, 1993). OCi se
potkaniim oteviraji okolo 14. a 15. dne zivota. Mlad’ata vSak i piesto do urcité miry
vnimaji svétlo jesté pred timto dilezitym vyvojovym meznikem (Duncan et al., 1986).
Jiz 1. den po porodu byl pozorovan vliv svételného pulsu na zvySeni exprese casného
ran¢ho genu c-fos v SCN a to jak béhem subjektivni noci, tak béhem subjektivniho dne
(Leard et al., 1994). Produkce proteinu c-FOS v SCN pfestava byt indukovatelna
svételnymi podnéty béhem subjektivniho dne az 10. den po narozeni (Bendova et al.,
2004). Je pravdépodobné, ze vyvoj diskrétni (svételné) a kontinualni (fotoperiodické)
synchronizace souvisi s vyvojem ,,vratkového* mechanismu, ktery vymezuje dobu

citlivosti ke svétlu.
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den vyvoj cirkadianniho systému laboratorniho potkana
E13-E16 formovani SCN
E18 zacina tvorba melanopsinu v bufikach sitnice (Fahrenkrug et al., 2004)
E19 v SCN zjistén rytmus v metabolické aktivité (Reppert a Schwarz, 1984)
E19-E22 v SCN detekovana exprese hodinovych genu: Perl, Per2, Cryl, Bmall,
Clock (Sladek et al., 2004, Kovacikova et al., 2006)
PO den porodu
v SCN zjistén naznak rytmu v neurondlni aktivité (Shibata a Moore, 1987)
prvni projekce RHT do SCN (Speh a Moore, 1993)
P1 detekovan naznak rytmické exprese hodinovych genll Perl, Per2 a Bmall
(Kovacikova et al., 2006)
exprese Casného raného genu c-fos v SCN je citliva na svétlo béhem
subjektivniho dne i subjektivni noci (Leard et al., 1994)
P2 Detekovana rytmicka exprese Perl, Per2 a Bmall; naznak rytmu u Cryl
(Kovacikova et al., 2006)
P3 detekovan rytmus v expresi Cryl
u ostatnich hodinovych genl se zvétSuje amplituda rytmu (Sladek et al.,
2004)
P10 pozorovan rytmus v pohybové aktivité
dale se zvySuje amplituda rytmu v expresi hodinovych genl (Sladek et al.,
2004)
produkce proteinu c-FOS v SCN je indukovatelna svételnym pulsem pouze
v dobé subjektivni noci (Bendova et al., 2004)
P14-P15 otevirani oci

Tabulka 1: Shrnuti vyvoje cirkadianniho systému laboratorniho potkana v prenatilni a ¢asné

postnatilni ontogenezi. E = den embryonilniho vyvoje; P=den postnatalniho vyvoje

1.1.4.2 Synchronizace materskymi nesvételnymi podnéty béhem

ontogeneze
U savcll dostava fetus informace o vnéjsich svételnych podminkach jiz pted
narozenim. D¢&je se tak zprostfedkované pies cirkadianni systém matky. Pokusy

slézemi SCN u potkanich samic v riiznych stadiich biezosti ukazaly, ze matetska

21



Disertaéni prace Vyvoj svételné synchronizace...

synchronizace se uplatituje zhruba od okamziku, kdy je zformovano embryonalni SCN.
U potomk samic, kterym bylo odstranéno SCN v ¢asnych fazich bfezosti, nedochazi ke
ztraté cirkadidnni rytmicity, je vSak naruSena synchronizace s vnéj$im dnem (Shibata a
Moore, 1988). Podobn¢ dysfunkce cirkadiannich hodin matky vlivem mutace
hodinovych genil neovlivni vyvoj cirkadidnniho systému jejich mlad’at (Jud a Albrecht,
2006). SCN matky se tedy pfimo nepodili na vyvoji cirkadiannich rytmi mladat, ale
slouzi jako vyznamny synchronizator cirkadiannich rytmt celého vrhu.

Signaly, které b&hem prenatdlniho obdobi pfijima embryondlni cirkadidnni
systém od matky, jsou povahy neurondlni i humoralni. Dtlezitym signalem je ziejmeé
no¢ni vylev melatoninu. Melatonin pfechazi ptes placentu a pro mlad’ata by tak mohl
byt ,,signalem noci‘. Jako ,,signal dne* by mohl slouzit dopamin. Melatonin a dopamin
tak zfejm¢é plsobi v embryondlnim cirkadiannim systému jako dva vzdjemné se
dopliujici signaly (Weaver et al., 1992; Weaver a Reppert, 1995). Experimenty
z posledni doby ukazuji, Ze by dalsim dulezitym faktorem, synchronizujicim cirkadianni
hodiny mladéte v prenatalnim obdobi, mohl byt matcin rytmus v pfijmu potravy (Ohta
et al., 2008)

Vliv matky na cirkadidnni systém mladéte pokracuje i po narozeni. Nejsilngjsi je
v prvnich dnech az tydnech postnatdlniho vyvoje a pak postupné slabne. Mlad’ata
hlodavci jsou zfejme vyznamné synchronizovana rytmem v krmeni a tedy i rytmickou
pfitomnosti, resp. nepfitomnosti, matky v hnizdé. Potkani samice krmi mlad’ata
prevazn¢ béhem dne a v noci je opousti, aby si sama opatfila potravu. Nepfitomnost
matky v dobé krmeni, tedy pies den, je pro mlad’ata silnym stresujicim signalem, ktery
ovlivituje fazi rytm v expresi hodinovych genti Perl a Per2 v jejich SCN (Ohta et al.,
2003). Obecné lze fici, ze cirkadianni systém mladéte je v prvnich dnech Zivota citlivy
prevazné k nesvételnym podnétim zprosttedkovanym matetskou péci a teprve pozdéji
ke svételnym signdliim. Vliv matky v prenatdlni i postnatalni ontogenezi napomaha
synchronizaci cirkadidnniho systému mladéte s vné€jSimi podminkami v dobé, kdy jeho

cirkadidnni systém neni jesté plné€ vyvinut.
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2.Cile prace

Cile ptedkladané prace lze rozd¢lit do dvou tématickych okruhti:

A) Vyvoj cirkadiannich hodin a synchronizaéni viliv matky

v prenatalnim a ¢asném postnatalnim obdobi

Cilem préace bylo zjistit kdy zacind molekuldrni mechanismus cirkadidnnich
hodin v SCN mladéte fungovat nezavisle na matce a do jaké miry jsou cirkadidnni
hodiny mladéte ovliviiovany matefskymi signaly béhem prenatdlniho a casného

postnatalniho obdobi.

B) Vyvoj citlivosti cirkadianniho systému potkana ke
svételnym podnétum
Cilem prace bylo odhalit kdy a jak v pribéhu Casné postnatdlni ontogeneze
zaCind byt exprese hodinovych gend Perl a Per2 a casného rané¢ho genu c-fos v SCN
mladéte citliva na svételné podnéty. Specidlnim cilem pak bylo objasnit, kdy zacina;ji
cirkadianni hodiny regulovat neboli ,,vratkovat™ svou citlivost ke svételnym podnétim.
Také jsme se pokusili zmapovat vliv svételnych podnétii aplikovanych béhem denni i
noc¢ni doby na expresi hodinovych genli Perl a Per2 a ¢asného rané¢ho genu c-fos v
sitnici potkaniho mladéte. Dalsim cilem prace bylo zjistit, kdy béhem casné postnatalni
ontogeneze zacina byt denni profil exprese hodinovych genli modulovan délkou svétlé

casti dne, tzv. fotoperiodou.
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4. Prehled pouzitych metod

4.1 Experimentalni zvirata

K experimentim byla pouzita mladata a dospé€li potkani (Rattus norwegicus)
kmene Wistar (BioTest s.r.0., Konarovice, CR). Zvifata byla chovana pii teploté 23 + 2
°C s volnym pfistupem k vodé a potravé. Osvétleni bylo zajisténo 40W fluorescencnimi
zafivkami a intenzita svétla byla podle umisténi chovné nadoby 50-200lux. Svételné
rezimy a prub¢h experimentl jsou podrobné popsany v jednotlivych ¢lancich. VSechny
experimenty byly provedeny v souladu se zdkonem na ochranu zvifat proti tyrani

(¢.42084/2003-1020).

4.2 In situ hybridizace s radioaktivhé znaéenou RNA sondou

Ke stanoveni mRNA na koronalnich fezech obsahujicich SCN ¢i oko byla
pouZita metoda in situ hybridizace s*>°S — znadenou RNA sondou. K piipravé prob
pomoci in vitro transkripce bylo pouzito a->>S-UTP (MP-Biosciences, USA; Izotop
s.r.0., Mad’arsko). Metoda je podrobné popsana v piedlozenych ¢lancich. Hybridiza¢ni
signal v SCN byl detekovan na autoradiografickém filmu. V pfipad¢€ nutnosti rozliSeni
lokalizace hybridiza¢niho signalu na bunécné urovni (rozlisSeni subpopulaci bun¢k SCN
a sitnice) byla skla po ukonceni expozice filmu nasledné pokryta autoradiografickou
emulsi. Relativni mnozstvi mRNA bylo na autoradiografickém filmu nebo emulsnim

preparatu stanoveno jako relativni opticka densita.

4.3 Sledovani pohybové aktivity zvirat

Pro sledovéani pohybové aktivity pokusnych zvifat bylo pouzit systtm CAMS
(Circadian Activity Monitoring System, INSERM, Francie). Tento systém vyuziva ke
snimani pohybu zvifat detektory infraerveného zéfeni. Ziskand data jsou ukladana do
pramyslového pocitate vybaveného softwarem umoznujicim sledovat probihajici
zdznamy z jednotlivych detektorl v redlném case (tzv. aktogramy) a zaroven jednotlivé
zdznamy ukladat ve form¢ souborli. Tyto soubory je pak moZzno analyzovat pomoci

programu Actiview (Mini Mitter Copany, Inc. Bend, Oregon USA).
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5.Souhrn vysledkud a diskuse

5.1 Vyvoj cirkadiannich hodin a synchronizaéni vliv matky
v prenatalnim a éasném postnatalnim obdobi

Sounvisejici Clanky:

Sumova A., Bendova Z., Sladek M., ElI-Hennamy R., Laurinova K., Jindrakova Z.,
Illnerova H.: Setting the biological time in central and peripheral clocks
during ontogenesis. FEBS Letters 2006, 580 (12), 2836-2842

El Hennamy R., Matéji K., Bendova, Z., Sosniyenko S., Sumova A.: Maternal
control of the fetal and neonatal rat suprachiasmatic nucleus. Journal of

Biological Rhythms 2008, 23 (5), 435-444.

Molekularni mechanismus cirkadidnnich hodin v SCN laboratorniho potkana je
v prenatalnim obdobi zna¢né nezraly. Hodinové geny jsou v SCN mlad’at exprimovany
jiz pted narozenim, ale cirkadianni rytmus v jejich expresi se objevuje az v prvnich
dnech po narozeni a dile se vyviji béhem c¢asné postnatdlni ontogeneze. Faze
vyvijejicich se cirkadiannich rytmt v expresi hodinovych i hodinami fizenych gent se
shoduje s fazi cirkadidnnich hodin matky (Sladek et al., 2004; Kovacikova et al., 2006).
Predpoklada se, Ze béhem fetalniho vyvoje hraje rytmicka signalizace fizena z SCN
matky zasadni roli pfi vyvoji synchronizace nezralych cirkadiannich hodin s vnéj$im
dnem (Shibata a Moore, 1988; Jud a Albrecht, 2006). Polozili jsme si proto otazku, do
jaké miry a ve kterém vyvojovém stadiu je vyvijejici molekularni mechanismus
cirkadiannich hodin v . SCN bé&hem prenatdlniho a c¢asného postnatalniho vyvoje
sefizovan cirkadiannimi hodinami v SCN matky.

V prvni fazi experimentu byl vypracovan protokol pro fazovy posun
cirkadidnnich hodin v SCN dospélych zvitat, ktery byl pozdé¢ji aplikovan biezim
samicim tak, aby bylo mozno sledovat jeho vliv na fazi fetalnich hodin. Potkaniim
chovanym na svételném rezimu s 12-ti hodinami svétla a 12-ti hodinami tmy (LD12:12)
byl zpozdén zacatek a konec tmavé faze svételného rezimu o 6 hodin a poté byli
nasledujici cyklus vypusSténi do konstantni tmy, ve které byli chovani do konce
experimentu (viz ElI-Hennamy et al., 2008). Monitorovani pohybov¢ aktivity ukazalo,
ze k fazovému zpozdéni dochézi béhem tii dnii nasledujicich po posunu. Stejné tak byly

béhem tii dnti fazové opozdény i profily v expresi hodinovych gent Perl, Per2,
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hodinami kontrolovaného genu Avp a Casného ran¢ho genu c-fos v SCN v porovnani
s profily v SCN kontrolnich zvifat. Prokazali jsme tak, Ze cirkadianni hodiny v SCN
dospélého jedince jsou sefizeny béhem tii dnti po aplikaci posunu svételného rezimu.

Abychom zjistili, zda fazovy posun cirkadiannich hodin v SCN bfezi samice
muze setidit cirkadianni hodiny v SCN fétu, aplikovali jsme shora popsany fazovy
posun svételného rezimu biezim samicim ve 20. dnu bfezosti (tj. 20. den embryonélniho
vyvoje mlad’at, E20) a sledovali jeho vliv na profily exprese genti Avp a c-fos v SCN
béhem prvniho postnatidlniho dne (PO-1), tj. 3. den po posunu. Zjistili jsme, Ze profily
v expresi c-fos a Avp v SCN mladat vystavenych posunu svételného rezimu v E20
nebyly v porovnani s profily u stejné starych mlad’at z kontrolni skupiny, ktera nebyla
fazovému posunu vystavena, nijak ovlivnény. Pokud jsme vSak porovnavali faze profilii
v expresi gend Perl a Per2 v SCN u 3-dennich a 6-dennich potkanich mladat, tj. za 5 a
8 dnil po posunu, prokazali jsme jejich vyznamné fazové opozdéni po vystaveni posunu
svételného rezimu v E20. Velikost fazového posunu v P3 a P6 se pfitom vyznamné
neliSila a byla ptiblizné stejna s posunem u dospélych zvitat. Neptitomnost fazového
3 dny) byl pftili$ kratky na to, aby mohlo dojit k sefizeni fetalniho SCN signaly z SCN
matky. Interval mezi E20 a P3 (tj. 5 dni) byl pro sefizeni SCN matetskou synchronizaci
jiz dostacujici.

Ovlivnéni cirkadiannich hodin mladéte posunem svételného rezimu v E20 se
projevilo az v ¢asném postnatalnim obdobi, tedy v dob¢, kdy je SCN mladéte jiz zralejsi
a je schopno samo generovat cirkadianni rytmy v expresi hodinovych gent. Zajimalo
nas tedy, zda neschopnost sefidit cirkadidnni hodiny v SCN b&hem intervalu E20 a PO-1
neni zplusobena nezralosti fetdlntho SCN. V dalSim experimentu jsme vystavili bfezi
samice posunu svételného rezimu jiz 18. den biezosti (E18) a sledovali jsme jak tento
posun ovlivni SCN mlad’at v PO-P1, tj. po péti dnech vyvoje in utero. Profily exprese c-
fos a Avp v SCN novorozenych mladat vystavenych v E18 posunu svételného rezimu
byly signifikantné fazové opozdény oproti profilim stejn¢ starych mlad’at z kontrolni
skupiny. Prokazali jsme tak, Ze cirkadidnni hodiny jsou ve fetdlnim SCN schopny
reagovat na matetské signaly fazovym posunem béhem péti dnli pocinaje jiz od E18.
Matetské signaly tak mohou ovliviiovat cirkadianni pacemaker v SCN mlad’at béhem
velmi Casného vyvojového stadia, kdy vyvijejici se cirkadianni hodiny samy jesté

nejsou schopny vytvaret synchronni rytmy v expresi hodinovych gent.
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Prokazali jsme tak, ze wvyvijejici se cirkadianni hodiny mladéte nejsou
v prenatalnim obdobi synchronizovéany svételnym rezimem paralelné s hodinami matky.
Zatimco u dospélych zvifat se zména svételného rezimu projevila na urovni
cirkadianniho pacemakeru v SCN jiz po tfech dnech, u vyvijejiciho se fétu se tato
zména projevila v SCN az po péti dnech. Vysledky naznacuji, ze fetalni SCN nepfijima
samostatné signaly z vnéjSiho prostiedi, ale Ze informace o vnéjSim svételném rezimu
vnima pouze zprostiedkované pres cirkadidnni systém matky. Po posunu svételného
rezimu jsou nejdfive synchronizovany cirkadianni hodiny matky a ty pak dosud
nezndmym mechanismem setizuji vyvijejici se cirkadianni hodiny mlad’at. Cirkadianni
hodiny mladéte mohou byt matetskym cirkadiannim systémem setizeny béhem péti dnt
at’ uz prenatalniho nebo ¢asného postnatalniho vyvoje.

Otazkou zlstava, jakym mechanismem sefizuji cirkadianni hodiny matky fetalni
SCN. Ke konci prenatalniho vyvoje SCN jiz pravdépodobné obsahuje bunky, které
funguji jako autonomni cirkadianni oscilatory. Neurony v SCN jsou vSak
béhem prenatalniho obdobi navzdjem jen velmi malo propojeny synapsemi (Moore a
Bernstein, 1989) a v nezralém SCN tak pravdépodobné neni jesté vyvinut mechanismus,
ktery by tyto samostatné oscilatory mohl navzajem synchronizovat. Rytmické signaly
prichazejici od matky by mohly individudlni spontanné oscilujici builky navzajem
synchronizovat a pomahat tak vyvijejicimu se SCN vytvafet synchronni oscilace. Je
vsak také mozné, ze rytmicka aktivita jednotlivych bunék prenatdlniho SCN je piimo
fizena rytmickymi signdly od matky. S postupujici synaptogenezi a dozravanim
molekuldrniho mechanismu v SCN se cirkadianni hodiny mladéte stavaji stile méné
zavislymi na matefské synchronizaci. Postupnd ztrata citlivosti cirkadianniho
pacemakeru mladéte k signdlim od matky pravdépodobné souvisi s dozravanim
autonomni rytmicity a postupnym vyvojem mechanismi zajistujicich synchronizaci

svételnymi signaly.
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5.2 Vyvoj citlivosti cirkadianniho systému potkana ke

svételnym podnétim

5.2.1 Vyvoj citlivosti SCN ke svételnym podnétiim

Souvisejici Clanky:

Sumova A, Bendova Z, Slidek M, El-Hennamy R, Matéji K, Polidarova L,
Sosniyenko S, Illnerova H. Circadian molecular clocks tick along
ontogenesis. Physiological Research 2008, 57, Suppl. 3, S139-S148

Matéju K., Bendova Z., El-Hennamy R., Sladek M., Sosniyenko S., Sumova A.:
Development of the light sensitivity of clock gene Periodl, Period2 and
immediate-early gene c-fos within the rat suprachiasmatic nucleus.

European Journal of Neuroscience. 2009, 29 (3), 490-501

Hodinové geny Perl a Per2 jsou nezbytné pro synchronizaci cirkadidnnich
hodin svétlem (Albrecht et al., 2001). Indukce jejich exprese po osvétleni ziejmée
zprostfedkovava molekularnimu hodinovému mechanismu v SCN informaci o svétle
(Shigeyoshi et al., 1997). Exprese Perl a Per2 v SCN dospélych potkanti je citliva na
svételné podnéty pouze v dobé tzv. subjektivni noci, tedy v dobé&, kdy je hladina jejich
spontanni exprese v SCN nizkd (Miyake et al., 2000; Yan a Okamura, 2002). Toto tzv.
vratkovani citlivosti ke svétlu je vlastnosti cirkadiannich hodin a umoziuje sefizovani
jejich faze svétlem. Diivejsi prace, zabyvajici se ontogenetickym vyvojem citlivosti
SCN ke svétlu, vyuZzivaly jako ukazatel fotosensitivity cirkadiannich hodin v SCN
svételnou indukci exprese ¢asného ran¢ho genu c-fos, kterd je hodinami vratkovana
podobné jako fotoindukce genli Perl a Per2. Svétlo indukuje c-fos v SCN jiz u 1-
dennich mlad’at (Leard et al., 1994). U 3-dennich mlad’at je produkce proteinu c-FOS
v SCN indukovéna svételnymi pulsy jak b&hem subjektivniho dne, tak 1 b&hem
subjektivni noci a teprve u 10-dennich mlad’at je tato indukce omezena prevazné na
dobu subjektivni noci (Bendova et al., 2004).

V nasi soucasné studii jsme zkoumali ontogeneticky vyvoj fotosensitivity SCN a
jeho vratkového mechanismu s pouzitim fotoindukce nejen exprese c-fos, ale také ptimo
hodinovych geni Perl a Per2. Svételné pulsy jsme aplikovali béhem subjektivniho dne

¢i béhem prvni nebo druhé poloviny subjektivni noci u potkanich mladat 1., 3., 5. a 10.
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den po narozeni. Zaméfili jsme se také podrobné€ji na prostorovou lokalizaci jak
spontanni, tak i sv€tlem indukované exprese Perl, Per2 a c-fos ve vyvijejicim se SCN.

Exprese hodinového genu Perl/ byla v SCN 1-dennich mlad’at indukovana
svételnym pulsem aplikovanym jak béhem subjektivniho dne, tak béhem subjektivni
noci. U 3-dennich, 5-dennich a 10-dennich mlad’at je exprese Perl/ v SCN citliva na
svétlo béhem subjektivni noci, avSak jiz nikoliv béhem subjektivniho dne. Hladina
svétlem indukované Per/ mRNA v SCN nartstala zpravidla béhem 30 min aZ 1 hod po
zacatku svételného pulsu a pak pozvolna klesala. Mnozstvi Perl mRNA indukované
svétlem béhem subjektivni noci dosahovalo hodnot srovnatelnych se spontanni expresi
Perl mRNA v SCN kontrolnich zvifat béhem subjektivniho dne. S pouzitim emulsni
autoradiografie jsme zjistili, Ze u 1-dennich mlad’at dochézi ke svételné indukci exprese
Perl vcelém SCN. U 3-dennich mlad’at byla svétlem indukovand Per!/ mRNA jiz
lokalizovéana ptevazné ve vISCN. Jak SCN postupné¢ dozrava, rozlozeni signalu stale
vice pfipomina situaci u dospé€lych zvifat. S postupujicim vyvojem byla spontanni
exprese Perl lokalizovana prevazné v dmSCN, stejné jako u dospélych zvitat (Miyake
et al., 2000; Yan a Silver, 2004). Mechanismus regulujici citlivost hodinového genu
Perl na svétlo byl tedy v SCN ptitomen jiz 3. postnatalni den a dale se vyvijel.

Citlivost exprese hodinového genu Per2 v SCN na svételné podnéty se vyviji
pomaleji nez Perl. Teprve 3. postnatalni den byla pozorovana indukce exprese Per2, a
to po svételném pulsu aplikovaném béhem druhé poloviny subjektivni noci. V SCN 5-
dennich mlad’at byla fotoindukce exprese Per2 omezena predev§im na dobu subjektivni
noci, 1 kdyz k mirnému zvyseni exprese doslo také po pulsu béhem subjektivniho dne.
Teprve u 10-dennich mlad’at byla fotoindukce exprese Per2 omezena vyhradné na dobu
subjektivni noci. Hladina Per2 mRNA nartstala v SCN po svételném pulsu pomaleji
nez hladina Per!/ mRNA. K vyznamnému zvyseni dochéazelo az 1 az 2 hod po zacatku
svételného pulsu. Hladina svétlem indukované Per? mRNA béhem prvni poloviny
subjektivni noci obvykle nepifesahovala hladinu vysoké spontanni exprese v SCN
kontrolnich zvitat béhem subjektivniho dne. V druhé poloviné subjektivni noci bylo
mnozstvi svétlem indukované exprese Per?2 zpravidla nizs$i a dosahovalo zhruba urovné
exprese v SCN kontrolnich zvifat v prvni polovin¢ subjektivni noci. Emulsni
autoradiografie ukazala, Ze po svételném pulsu aplikovaném v prvni poloviné
subjektivni noci dochdzi k indukci exprese Per2 v celém SCN, zatimco slaba indukce
Per2 po pulsu béhem druhé poloviny subjektivni noci je lokalizovéana spise ve vISCN.

Spontanni exprese Per2 mRNA v SCN kontrolnich zvitat byla lokalizovdna pievazné
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v dmSCN. Zda se, ze mechanismus vratkujici citlivost Per2 ke svétlu se zacina
objevovat az 5. postnatalni den a dale se postupné vyviji.

Exprese ¢asného raného genu c-fos v SCN 1-dennich mlad’at byla zvySend po
svételném pulsu aplikovaném béhem subjektivni noci i béhem subjektivniho dne. U 3-
dennich mlad’at byla exprese c-fos v SCN indukovéna svétlem béhem subjektivni noci a
nikoliv béhem subjektivniho dne. AvSak jesté 5. postnatalni den byla pozorovana mirna
indukce exprese c-fos po svételném pulsu aplikovaném beéhem subjektivniho dne.
Teprve u 10-dennich mlad’at byla fotoindukce c-fos omezena vyhradné na dobu
subjektivni noci. Exprese c-fos v SCN po svételném pulsu nartistala velmi rychle a 2
hod po pulsu jiz mnozstvi svétlem indukované c-fos mRNA vyrazné klesalo. Mnozstvi
c-fos mRNA indukované svételnym pulsem béhem subjektivni noci obvykle vyznamné
pfesahovalo hladinu spontdnni exprese c-fos v SCN kontrolnich zvifat béhem
subjektivniho dne. Emulsni autoradiografie ukazala, ze 1. postnatalni den je exprese c-
fos indukovana svétlem v celém SCN, avSak nejintenzivnéj$i je v uzkém pasu na jeho
ventralnim okraji t€sné pfiléhajicimu k RHT. U 3-dennich a star§ich mladat byla
svétlem indukovana exprese c-fos béhem subjektivni noci jiz lokalizovana ve vISCN.
Podrobna analyza prostorového uspofadani exprese odhalila, Ze béhem subjektivniho
dne byla v SCN 3-dennich a 5-dennich mlad’at po svételném pulsu mirné¢ zvysena
exprese c-fos ve VISCN. Tato indukce jiz 10. postnatalni den nebyla patrna. V souladu
s ptedchozimi vysledky (Leard et al., 1994; Bendova et al., 2004) jsme prokazali, ze
mechanismus, kterym cirkadidnni hodiny vymezuji citlivost exprese c-fos ke svétlu, se
zalind postupné vyvijet od 3. dne po narozeni, je vSak pln¢ vyvinut az 10. den po
narozenti.

Ze srovnani vysledk fotosensitivity genli Perl, Per2 a c-fos vyplyva, zZe
citlivost exprese Perl a c-fos v SCN ke svételnym podnétim se béhem casné
postnatdlni ontogeneze vyvijeji viceméné¢ paralelné. Mechanismy vratkujici
fotosensitivitu téchto gentl jsou pfitomny castecné ¢i zcela jiz 3. postnatdlni den a dale
se vyvijeji. Citlivost exprese hodinového genu Per? v SCN ke svételnym podnétim se
vyviji pomaleji a indukce exprese Per2 po svételném pulsu ma také ponékud odlisnou
dynamiku. Zda se tedy, Ze cirkadianni hodiny reguluji citlivost exprese Per2 na svétlo
jinym mechanismem nez citlivost Per! a c-fos.

Z vyse uvedeného vyplyva, Ze cirkadidnni hodiny v SCN potkana zacinaji
reagovat na svétlo jiz 1. postnatalni den, a to nejen na urovni neurondlni aktivity (jejimz

markerem je exprese c-fos), ale také na tirovni exprese hodinového genu Perl. Diky

32



Disertaéni prace Vyvoj svételné synchronizace...

tomu muze svétlo ovliviiovat dosud nevyzraly molekuldrni mechanismus cirkadianniho
pacemakeru. Cirkadianni hodiny jsou tedy v tomto obdobi schopny pfijimat signaly
z vyvijejici se sitnice (viz kapitola 5.2.2.) prostfednictvim postupné se vyvijejictho RHT
(Moore a Bernstein. 1989). Signalni draha svételné indukce Perl a c-fos v SCN je 1.
postnatalni den patrné jiz dostatecné vyzrald, ale mechanismus vratkujici citlivost
cirkadidnnich hodin na svételné¢ podnéty neni dosud vyvinut. Stoji pfitom za
povSimnuti, Ze vyvoj mechanismu vratkovani citlivosti exprese geni Perl, Per2 a c-fos
v SCN na svétlo pfichazi spole¢né s vyvojem cirkadiannich rytma ve spontanni expresi
hodinovych gent mezi 3. a 10. postnatalnim dnem (Sladek et al., 2004; Sumova et al.,
2006). Zda se tedy, ze schopnost cirkadiannich hodin v SCN vratkovat citlivost na
svétlo by mohla zdviset na celkové vyzrdlosti jeho vlastniho molekuldrniho
mechanismu, projevujici se pfitomnosti vyznamnych rytmi v expresi hodinovych gend.
Dtlezitou ulohu pfi vyvoji tohoto mechanismu by také mohla hrat postupnd funkéni
diferenciace bunék SCN na ty, které generuji cirkadianni oscilace v dmSCN a na buiiky,
které pfijimaji signdly z RHT a podili se na synchronizaci cirkadiannich rytmi svétlem
ve VISCN (Hamada et al., 2001; Antle a Silver, 2005). Nase vysledky naznacuji, ze
vyvoj mechanismu regulujiciho citlivost SCN ke svételnym podnétim je zaroven
doprovazen prostorovou redistribuci fotosensitivnich bun¢k, a to zcelého SCN do
vISCN (Matéju et al., 2009). Soubézné s funkeni diferenciaci SCN na dmSCN a vISCN
nartistd v SCN pocet synapsi. Po narozeni roste nejvyraznéji mezi 4. a 10. postnatalnim
dnem (Moore a Bernstein, 1989), tedy v dobé kdy mechanismus vratkujici citlivost ke
svétlu postupné dozrava. Pritomnost mechanismu vratkujiciho citlivost na svétlo je tedy
pravdépodobné také podminéna dostatecnou funkéni vyzralosti intercelularnich spojeni

mezi buitkami SCN.

5.2.2 Vliv svételnych podnétd na sitnici potkana béhem vyvoje

Souvisejici Clanky:

Matéju K., Bendova Z., Sumova A. Light sensitivity of expression of clock genes
Periodl, Period2 and immediate-early gene c-Fos within retina of early
postnatal rat. manuscript v pripravé;

Oko jako fotoreceptivni organ hraje dilezitou ulohu pii svételné synchronizaci
cirkadiannich rytmi. Cast gangliovych bunék sitnice produkuje fotopigment melanopsin

a slouzi jako tzv. cirkadianni fotoreceptory piedéavajici informaci o svétle do SCN
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(Hattar et al., 2002; Berson et al., 2002). Navic bylo prokdzano, ze sitnice obsahuje
periferni cirkadianni oscildtor, ktery ovliviluje jeji fyziologii a miize tak ovliviiovat
svételnou synchronizaci centralniho pacemakeru v SCN (ptehled viz Tosini a Fukuhara,
2002; Tosini et al., 2008). Zda se, Zze podobné jako cirkadianni hodiny v SCN jsou i
hodiny v sitnici citlivé na svétlo. V sitnici dospélych potkanti byla pozorovana svételna
indukce exprese hodinovych genii Perl a Per2 lokalizovana piedevS§im ve vnitini
nuklearni vrstvé (Namihira et al., 2001). V sitnici je rovnéz exprimovan Casny rany gen
c-fos a byla popsana jeho svétlem indukovana exprese béhem subjektivniho dne i béhem
subjektivni noci (Huerta et al., 1997, 1999).

Sitnice reaguje na svétlo jiz dlouho pied otevienim oc¢i. V den porodu
morfologie potkani sitnice zhruba odpovida sitnici ¢tyfmési¢niho lidského plodu. Je
mozno odlisit diferencujici se gangliovou vrstvu a vnitini plexiformni vrstvu, zbytek
vyvijejici se pars nervosa retinae tvori neuroblastové builky. Vrstva pigmentového
epitelu (RPE, retinal pigmented epithelium) je v té dobé jiz dobfe vyvinuta. Ostatni typy
bunck sitnice se teprve postupné diferencuji z neuroblastovych bunék béhem casné
postnatalni ontogeneze (Weidman a Kuwabara, 1969). Gangliové buiiky produkujici
melanopsin jsou citlivé na svétlo jiz pfi narozeni a zaroven jiz v té dob¢ existuji prvni
funk¢ni spojeni mezi sitnici a SCN (Tu et al., 2005, Sekaran et al., 2005). TyCinky a
¢ipky se zacinaji morfologicky diferencovat okolo 5. dne po narozeni a dozravaji az
v tfetim postnatalnim tydnu. Béhem prvniho tydne po narozeni se tak piivodné jednolita
silna vrstva neuroblastovych bun¢k rozd¢li na dvé a dale se morfologicky diferencuje.
Gangliové bunky zacinaji reagovat na signaly ztyCinek a Cipkl az mezi 10. a 12.
postnatalnim dnem, kdyz zacind fungovat propojeni s fotoreceptory ptes bipolarni
buitkky (Weidman a Kuwabara, 1969; Sernagor et al., 2001). Fotoreceptivni gangliové
bunky jsou tedy vyvinuty diive nez klasické fotoreceptory a tzv. ,.cirkadidnni vidéni* je
vyvinuto diive nez obrazové vidéni.

Vnasi studii jsme se zaméfili na vliv 30-minutovych svételnych pulst
aplikovanych béhem subjektivniho dne (v CT7; CT=circadian time, CTO = doba
oc¢ekavaného rozsviceni, resp. doba kdy jsou pokusné zvifata vypusténa do konstantni
tmy) nebo béhem prvni (CT15) ¢i druhé poloviny subjektivni noci (CT21) na expresi
hodinovych gent Perl, Per2? a casného rané¢ho genu c-fos v sitnici 1-dennich, 3-
dennich, 5-dennich a 10-dennich potkanich mlad’at. Vliv svételného pulsu byl sledovan
30min, lh, 2h a 4h po zacatku pulsu. Protoze byly sitnice kontrolnich zvifat odebrany

v Casovych bodech pokryvajicich vétsi ¢ast dne, ziskali jsme také urcitou informaci o
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spontanni expresi hodinovych gent Perl a Per2 a ¢asného raného genu c-fos v sitnici
béhem casné postnatalni ontogeneze. Jiz prvni den po narozeni dochazi v sitnici
potkanich mlad’at ke spontanni expresi hodinovych gent Perl a Per2. V souladu
s ptredchozimi studiemi, které uvadéji spontanni expresi ¢asného raného genu c-fos
v sitnici az mezi 11. a 15. postnatalnim dnem (Ohki et al., 1996), nebyla az do 10. dne
po narozeni v sitnici kontrolnich zvifat pozorovana vyrazna exprese c-fos. U zadného ze
sledovanych gentli jsme az do 10. postnatalniho dne nepozorovali rozdily ve spontanni
expresi mezi subjektivnim dnem a subjektivni noct.

Spontanni exprese Perl nevykazovala v sitnici 1-dennich, 3-dennich a 5-dennich
kontrolnich mléd’at ptfesné¢ ohraniCenou lokalizaci. Az 10. postnatalni den byla
pozorovana zvySend exprese Perl ve vngj$i Casti sitnice, pravdépodobné ve
fotoreceptorové vrstvé. V sitnici dospélych zvitat vSak byla exprese hodinovych genti
Perl a Per2 i produkce PER1 proteinu popsana zejména ve vnitini nukledrni vrstvé a
castecné 1 v gangliovych bunkéach (Namihira et al., 2001; Witkovsky et al., 2003;
Garcia-Fernandez et al., 2007; Dinet et al., 2007; Ruan et al., 2008). Dalsi prace ukéazaly
expresi Perl 1 ve fotoreceptorové vrstvé (Tosini et al., 2007). Zda se tedy, Ze lokalizace
exprese Perl se v prub¢hu vyvoje méni. Navic nase dosud nepublikovana pozorovani
ukazala, Ze hybridiza¢ni signdl Per/ mRNA je lokalizovan ve vnitini nuklearni vrstvé
jiz 15. postnatalni den, tedy v obdobi otevirdni oci.

Hybridiza¢ni signal Per2 mRNA byl u kontrolnich zvifat 1. postnatdlni den
lokalizovan na vnitini strané vrstvy neuroblastovych bunék. S postupujici diferenciaci
sitnice byla exprese Per2 lokalizovana v jeji vnitini nukledrni vrstve. Pfi narozeni neni
jesté sitnice potkaniho mladéte morfologicky zrald, ale na vnitini strané vrstvy
neuroblastovych bunék jiz byly pozorovany jednotlivé bunky charakteristické pro
vnitini nuklearni vrstvu, kterd funkéné dozravad koncem prvniho postnatalniho tydne
(Weidman and Kuwabara, 1969; Sernagor et al., 2001). Spontanni exprese hodinového
genu Per?2 tedy svou lokalizaci pravdépodobné ,.kopiruje‘ postupné se vyvijejici vnitini
nuklearni vrstvu sitnice a zda se, Ze na rozdil od spontanni exprese Perl, by exprese
Per2 mohla byt spojena spise s morfologickou nez s funkéni zralosti vnitini nuklearni
VIStvy.

Svételny puls aplikovany 1-, 3-, 5- a 10-dennim mlad’atim béhem subjektivniho
dne i subjektivni noci zplsobil indukci exprese casného raného genu c-fos
v gangliovych buiikach sitnice. Exprese hodinovych genti Perl a Per2 v téchto buinikach

ovlivnéna nebyla. Gangliové bunky vykazujici svétlem indukovanou expresi c-fos se 1.,
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3. a 5. postnatalni den nachazely zejména v dorsalni Casti sitnice a 10. postnatalni den
byly jizna ploSe sitnice rozloZzeny viceméné rovnomérné. Pocet c-fos mRNA
pozitivnich bunék byl zvySen 30min a 1hod po zacatku svételného pulsu a pak postupné
klesal. S postupujicim vékem celkovy pocet gangliovych bunék vykazujicich citlivost
exprese c-fos na svétlo v sitnici rostl, zejména mezi 5. a 10. postnatalnim dnem.

U dospélych zvifat svétlo indukuje expresi ¢asného raného genu c-fos
v gangliovych buiikéch sitnice obsahujicich melanopsin a také ve vnitini nuklearni
vrstveé sitnice (Sagar a Sharp, 1990, Yoshida et al., 1993, 1995, Koistinaho a Sagar,
1995, Semo et al., 2003). Krom toho byla pozorovana v 10-18% gangliovych bun¢k
v sitnici dospélych mysi spontdnni exprese c-fos, kterd je patrné zpisobena signaly
z fotoreceptorové vrstvy (Semo et al., 2003). Vzhledem k tomu, Ze v na$i studii bylo
nékolik c-fos mRNA-pozitivnich gangliovych bunék pozorovano v sitnici kontrolnich
mlad’at az 10. postnatalni den, je pravdépodobné, Ze v prvnich dnech po narozeni nejsou
jesté gangliové bunky propojeny se zbytkem sitnice. Exprese ¢asného raného genu c-fos
po osvétleni je tedy vysledkem spisSe vlastni fotosensitivity gangliovych bunck sitnice
nez mezibunécné signalizace. Vysledky svételné indukce exprese c-fos mRNA
v gangliovych bunkach vyvijejici se sitnice jsou tak v souladu s predchozimi pracemi
uvadéjicimi, ze gangliové bunky sitnice jsou jiz od narozeni citlivé na svétlo (Tu et al.,
2005, Sekaran et al., 2005, Hannibal a Fahrenkrug, 2004).

Svétlem indukovanéd exprese c-fos byla 1. az 5. postnatalni den lokalizovana
v gangliovych buiikach pfevazné v dorsalni ¢asti oka. V oku 10-dennich mlad’at jiz byly
gangliové bunky reagujici na svételny puls expresi c-fos rozlozeny rovnomeérné.
Podobnd zména lokalizace bchem vyvoje byla pozorovdna u M-opsinu ve
fotoreceptorové vrstve sitnice kieCka (Glosmann a Ahnelt, 2002). Polarizace sitnice
podle dorso-ventralni a naso-temporalni osy oka je jevem doprovazejicim vznik
retinotopické projekce gangliovych bunék do mozku. Tato polarizace se v ontogenezi
vyviji pomérné zdhy (Peters 2002, McLaughlin et al., 2003, Harada et al., 2007),
ackoliv napft. Ctyfi podtypy gangliovych bunék, které jsou soucasti drahy fidici reflexni
pohyby o¢i, zacinaji byt funkcni az v obdobi otevirani o¢i (Elstrott et al., 2008). Zda se
tedy, ze v pribéhu vyvoje sitnice se vlastnosti jednotlivych jejich oblasti mohou ménit.

Analyza emulsnich autoradiogramii také ukézala, Ze po svételném pulsu
aplikovaném béhem subjektivniho dne i béhem subjektivni noci dochdzi v sitnici 1-
dennich a 3-dennich mlad’at k indukci exprese hodinového genu Per/ a ¢asného raného

genu c-fos v ostfe ohranicené vrstvé na vnéjSim okraji sitnice. Vzhledem k tomu, ze
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pars nervosa retinae je jesté 3. postnatalni den jen malo diferencovana, je onou vrstvou
s nejvetsi pravdépodobnosti RPE. ZvySené mnozstvi svétlem indukované Perl i c-fos
mRNA v RPE bylo u 1-dennich mlad’at pozorovano 1-2 hod po zahdjeni svételného
pulsu a pak klesalo. U 3-dennich mlad’at citlivost exprese Perl a c-fos v RPE ke svétlu
pomalu odezniva a u 5-dennich mléd’at jiz nebyla pozorovana.

RPE je struktura dillezitd pro zajiSténi optimélni funkce fotoreceptorové vrstvy
sitnice. U dospélych zvitat dochazi k cyklické obnové vnéjsich segmentl fotoreceptorti
v procesu oznacovaném jako ,,disc shedding®. Nejdistalnéji polozené terciky vnéjsich
segmenti fotoreceptorti jsou pii ném fagocytovany buiikami RPE a nahrazovany
novymi terciky odstépenymi z vnitiniho segmentu (piehledné viz Strauss, 2005).
Fagocytoza vnéjSich segmentii fotoreceptort byla v in vitro podminkach mj. provdzena
indukci exprese ¢asného rané¢ho genu c-fos v bunikach RPE (Ershov et al., 1996). Proces
,»disc shedding®“ vykazuje rytmus s maximem béhem svétlé casti dne (La Vail, 1980),
ktery zlstdva zachovan i1 u zvifat slézi SCN a neni tedy pod piimou kontrolou
centradlniho pacemakeru (Terman et al., 1993). Mimo to zajiStuje RPE obousmérny
transport zivin, vody a iontl mezi fotoreceptorovou vrstvou sitnice a kapilarami
cévnatky. Buiikky RPE také béhem vyvoje oka produkuji neurotrofické faktory dilezité
pro diferenciaci fotoreceptorové vrstvy sitnice a vyvoj kontakti mezi RPE a kapilarami
(souhrn viz Strauss, 2005).

Svételnd indukce exprese casného raného genu c-fos byla pozorovana
v podminkach in vitro u bunééné linie odvozené z lidského RPE (Yam et al., 2003), coz
doklada, ze citlivost ke svétlu je vlastnosti RPE a neni napt. disledkem cinnosti
fotoreceptorti. Peirson et al. (2004) popsali v RPE mysi expresi melanopsinu a je tedy
pravdépodobné, ze mechanismus svételné indukce c-fos v RPE by mohl byt podobny
jako v gangliovych buiikach sitnice. U dospélych potkanii zvySend koncentrace NO
vede kindukci exprese c-fos v RPE a nikoliv v pars nervosa retinae. Tento
mechanismus indukce exprese c-fos zahrnuje 1 fosforylaci CREB (Ohki et al., 1995)
Taktéz byla na bunétné linii pochdzejici z lidského RPE v podminkich in vitro
pozorovana rytmicka exprese hodinovych genti Perl a Per2 po tzv. sérovém Soku
(Pavan et al., 2006).

Citlivost exprese Perl a c-fos v RPE na svétlo je vyvojové ohrani¢ena na dobu
prvnich dnl po narozeni a do 5. postnatdlniho dne mizi. K postupné ztraté citlivosti
exprese Perl a c-fos na svétlo dochazi ptiblizné v dobé, kdy se zacinaji morfologicky

diferencovat fotoreceptorové bunky (Weidman and Kuwabara, 1969). Vrstva
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fotoreceptorovych bunék je béhem svého vyvoje v tésném kontaktu s RPE (Weidman
and Kuwabara, 1969), je tedy teoreticky mozné, ze docasna fotosensitivita RPE hraje
svou roli pii vyvoji fotoreceptorové vrstvy.

Ve stejné¢ dobé, kdy v RPE mizi svétlem indukovand exprese Perl a c-fos,
v SCN potkanich mlad’at prestava byt exprese c-fos indukovana dopaminem (Weaver et
al., 1992; Weaver a Reppert, 1995). Dopamin hraje v sitnici dtlezitou roli
v mechanismu cirkadiannich hodin (Ruan et al., 2008) a také se Ucastni regulace
exprese melanopsinu v gangliovych buiikdch sitnice (Sakamoto et al., 2005).
Dopaminergni signalizace je soucasti mechanismu indukce exprese Per! v sitnici po
osvétleni (Yujnovsky et al., 2006). Aktivace tyrosinhydroxylasy — enzymu dulezitého
pro syntézu dopaminu - byla po osvétleni pozorovana v amakrinnich bunkach sitnice
(Iuvone et al., 1978) a také v RPE ryb (McCormack a Burnside, 1993). Vzhledem
k tomu, ze dopaminové D1 receptory jsou funkéni jiz béhem vyvoje sitnice (Reis et al.,
2007), je mozné, ze se dopamin podili i na nami pozorované svételné indukci exprese
Perl a c-fos v RPE.

Je tfeba zdiiraznit, Ze Uc¢inek svétla na RPE bylo moZno pozorovat jen diky
tomu, ze byla k experimentim pouzita mladata albinotického kmene Wistar. U
pigmentovanych zvifat je v RPE pfitomen pigment melanin, ktery pohlcuje svételné
zafeni a chrani sitnici, resp. cévnatku pted toxickymi ucinky svétla (Peters et al., 2006),
ale také na emulsnim autoradiogramu piekryva piipadny hybridiza¢ni signal. Pro
albinismus je charakteristickd mutace v genu pro tyrosinasu — enzym kli¢ovy pro
syntézu melaninu (piehled viz Jeffery, 1997). Snizend funkce tyrosinasy se projevi
nejen nedostatkem melaninu v RPE, ale také sniZenou koncentraci jeho prekursoru L-
DOPA, coz vede k atypickému vyvoji sitnice (Tibber et el., 2006). Nami pozorované
jevy mohou byt u albinotickych potkani také vysledkem nedostate¢né ochrany
vyvijejici se sitnice pied toxickym plisobenim svétla a zvySena exprese c-fos je soucasti
stresové odpovédi bunck RPE na svétlo. Zda je vyvojové ohrani¢end fotosensitivita
exprese Perl a c-fos v RPE pfitomna i u pigmentovanych zvifat bude mozné
rozhodnout az s pouzitim metod které nebudou interferovat s melaninem a zaroven
nebudou ovlivnény vysokou aktivitou enzymu v bunkéach RPE.

Béhem casné postnatdlni ontogeneze je sitnice potkana citlivd na svételné
podnéty jesté pred otevienim oci. Jiz od 1. postnatidlniho dne puasobi svétlo indukcei
exprese ¢asné¢ho raného genu c-fos v gangliovych buikach sitnice. Pocet gangliovych

bunék vykazujicich svétlem indukovanou expresi c-fos se v pribéhu vyvoje méni a mezi
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5. a 10. postnatalnim dnem se jejich lokalizace postupné rozsifuje z dorsalni oblasti oka
na celou plochu sitnice. Ke spontanni expresi hodinovych genii Perl a Per2 dochazi
v sitnici potkanich mlad’at jiz 1. postnatalni den. Exprese Per/ béhem ¢asné postnatalni
ontogeneze postupné méni svou lokalizaci a v pars nervosa retinae nevykazuje citlivost
ke svételnym podnétim. Vyvojoveé ohranicena citlivost exprese Perl a c-fos ke svétlu
byla pozorovdna ve vnéjsi vrstveé sitnice, kterd je s nejvetsi pravdépodobnosti totozna
s RPE. Exprese Per2? béhem cCasné postnatalni ontogeneze kopiruje diferencujici se
vnitini nuklearni vrstvu sitnice a az do 10. postnatidlniho dne neni nijak ovlivnéna
svétlem. Citlivost exprese c-fos v gangliové vrstvé sitnice na svétlo a prechodna
fotosensitivita exprese Perl a c-fos v RPE neni Casové regulovana (vratkovana) jako je
tomu v sitnici dospélych zvitat (Namihira et al., 2001), nebo v SCN potkanich mlad’at
v ¢asné postnatalni ontogenezi (Matéji et al., piijato do tisku). Ackoliv tedy sitnice
potkana v prvnich dnech po narozeni jiz obsahuje n¢které komponenty molekularniho
mechanismu cirkadidnnich hodin, jsou cirkadidanni hodiny v sitnici béhem casné

postnatalni ontogeneze jesté nezralé.

5.2.3 Vliv fotoperiody na expresi hodinovych genti v SCN

potkana béhem postnatalniho vyvoje

Souvisejici Elanky:

Kovacikova Z, Sladek M, Laurinova K, Bendova Z, Illnerova H, Sumova A.:
Ontogenesis of photoperiodic entrainment of the molecular core clockwork
in the rat suprachiasmatic nucleus. Brain Research 2005, 1064(1-2), p.83-9.

Sumova A, Bendova Z, Sladek M, Kovacikova Z, El-Hennamy R, Laurinova K,
Illnerova H.: The rat circadian clockwork and its photoperiodic
entrainment during development. Chronobiology International 2006, 23 (1-

2), p.237-43.

Cirkadianni rytmicita vétSiny obratlovell je ovlivnéna délkou dne, tzv.
fotoperiodou. Fotoperiod¢ se prizptisobuje napf. rytmus v pohybové aktivité ¢i v

produkci melatoninu (Illnerova a Vanécek, 1980). Fotoperioda ovlivituje pfimo funkéni

vvvvvv

dobu kdy je exprese ¢asné¢ho ranného genu c-fos v SCN indukovatelna svétlem (Sumova
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et al., 1995), tak ovliviiuje 1 rytmus ve spontanni expresi c-fos v SCN (Sumova et al.,
2000). U dospélych potkanti dochazi ke komplexnimu ovlivnéni molekularniho
mechanismu cirkadidnnich hodin. Ovlivnén je jak profil exprese fotosensitivniho
hodinového genu Perl, tak také profily exprese dalSich hodinovych genti Cryl a Bmall
jejichz exprese neni piimo indukovatelna svétlem. U potkanii chovanych na dlouhé¢ letni
fotoperiodé (LD16:8; 16 hodin svétla a 8 hodin tmy) dochdzi k rannimu narastu exprese
Perl v SCN dfive nez u zvitat chovanych na kratké zimni fotoperiodé (LD8:16) a tak je
doba po kterou je hladina Per/ mRNA v SCN vysokd del§i u zvifat chovanych na
dlouhé fotoperiod¢ nez u zvitat chovanych na kratké fotoperiodé. Ranni nariist exprese
hodinového genu Cryl v SCN 1 jeji veCerni pokles nastava diive u zvifat chovanych na
dlouhé fotoperiodé€ nez u zvitat chovanych na kratké fotoperiod€. Délka doby, po kterou
je hladina Cryl mRNA v SCN vysoka, tedy neni fotoperiodou ovlivnéna, ale rytmus
v expresi Cryl v SCN zvitfat chovanych na dlouhé fotoperiod¢ je oproti zviratim na
kratké fotoperiodé fazoveé posunuty. Ranni pokles exprese hodinového genu Bmall
v SCN nastava pozdé&ji u zvifat chovanych na kratké fotoperiod€¢ a doba kdy je hladina
Bmall mRNA v SCN zvySena je tedy del$i u zvifat chovanych na kratké fotoperiodé
nez u zvifat chovanych na dlouhé fotoperiodé. Navic rytmus v expresi Perl, Cryl i
Bmall v SCN vykazuje vétsi amplitudu u zvifat chovanych na kratké fotoperiodé nez u
zvitat chovanych na dlouhé fotoperiodé (Sumova et al., 2003).

Ve studii zaméfené na vyvoj reakce cirkadianniho pacemakeru v SCN na délku
dne (Kovacikova at al.,, 2005) jsme zkoumali vliv dlouhé letni a kratké zimni
fotoperiody na denni profily v expresi hodinovych genii Perl, Per2, Cryl a Bmall
v SCN 3-dennich, 10-dennich a 20-dennich potkanich mlad’at. 3. den po narozeni
nebyly profily exprese ani jednoho ze sledovanych genti modulovany fotoperiodou.
U 10-dennich mlad’at dochazelo pouze k ovlivnéni profili exprese Perl a Per2, tedy
gentl, jejichz exprese je citliva na svétlo. Ranni narast exprese Perl a Per2 v SCN 10-
dennich mladd’at chovanych na dlouhé fotoperiod¢ nastal — podobné jako u dospélych
potkanli - vyznamné diive u nez u mlad’at chovanych na kratké fotoperiodé. U mlad’at
chovanych na dlouhé fotoperiod¢ byla navic posunuta i doba vecerniho poklesu Per2
mRNA v SCN. Diky tomu byl interval nizké exprese Perl a Per2 delSi u mlad’at
chovanych na kratké fotoperiodé nez u mladd’at chovanych na dlouhé fotoperiodé. Na
profily gend, jejichz exprese neni fotosensitivni, méla fotoperioda vliv az v pozdéjsich
vyvojovych stadiich. 20. den po narozeni byla fotoperiodou ovlivnéna exprese Cryl

mRNA. Podobné¢ jako u dospélych zvifat exprese Cryl nartstala 1 klesala o 4-6 hod
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diive u mlad’at chovanych na dlouhé nez na kratké fotoperiodé. Vliv fotoperiody na
expresi hodinového genu Bmall v SCN se neprojevil jesté¢ ani u 20-dennich mlad’at
(Kovacikova et al., 2005; Sumova et al., 2006). Synchronizace cirkadianniho systému
fotoperiodou se tedy u potkana zacina vyvijet okolo 10. dne po narozeni, béhem
postnatalni ontogeneze postupné dozrava a dospé€lé urovné dosahuje pravdépodobné az
v obdobi odstavu.

Ackoliv je 3. postnatalni den exprese hodinovych gent Perl, Per2 a Casného
rané¢ho genu c-fos indukovatelna svételnym pulsem a citlivost Perl a c-fos ke svétlu jiz
zacina byt vratkovana (Matéja et al., piijato do tisku), profily spontanni exprese Perl a
Per2 v SCN 3-dennich mlad’at jesté zatim nereaguji na délku dne. Fototoperioda zac¢ina
modulovat denni profily ve spontanni expresi Perl/ a Per2 v SCN az u 10-dennich
mlad’at a na expresi hodinovych genti Cryl a Bmall ma vliv az 20. postnatalni den,
resp. jesté pozdéji (Kovacikova et al., 2005). Zda se tedy, ze ukonceni vyvoje
mechanismu vratkujiciho citlivost cirkadiannich hodin ke svétlu by mohlo byt
nezbytnym piedpokladem pro modulaci dennich profili spontdnni exprese hodinovych
genu fotoperiodou. Vzhledem k tomu, Ze 10. postnatalni den dosahuje vyvoj RHT a
pocet synapsi v SCN dospélé trovné (Speh a Moore, 1993; Moore a Bernstein, 1989) a
zéaroven je jiz dostateCné zraly mechanismus vratkujici citlivost vISCN ke svétlu, maze
byt informace o svétle predavana z vISCN do dmSCN a nasledné tak mohou byt
ovlivnény spontanni rytmy v genové expresi (Kovacikova et al., 2005; Sumova et al.,
Perl a Per2 a teprve pozd¢jsi vliv fotoperiody na expresi Cryl a Bmall, je
pravdépodobné, Ze vyvoj reakce cirkadiannich hodin v SCN na fotoperiodu je zavisly
jak na zralosti mechanismu, kterym je informace o svétle pfeddvana z vISCN do
dmSCN, tak na celkové maturaci molekularniho mechanismu cirkadiannich hodin

v dmSCN.

6. Shrnuti

Vysledky ptedlozenych praci pomahaji vytvofit obraz ontogenetického vyvoje
synchronizace cirkadidnniho systému potkana. B€hem prenatalniho vyvoje se informace
o svételném rezimu dostavaji k fétim zprostfedkované pies cirkadianni systém matky.
Cirkadianni hodiny féru nejsou pti zmén¢ svételného rezimu synchronizovany zaroven s

matkou, ale jsou sefizovany matetskymi signaly az poté, co se cirkadianni hodiny matky
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piizptsobi zméné (El-Hennamy et al, 2008). Matefskd synchronizace hraje
nejvyznamnéjsi roli v prenatdlnim obdobi vyvoje a v prvnich dnech po narozeni.
S postupujici maturaci se cirkadianni hodiny mladéte ,,osamostatiiuji od
synchroniza¢niho vlivu matky a postupné prevlada synchronizace svétlem (Sumova et
al., 2006). Pro synchronizaci cirkadiannich rytma svétlem je dulezitd fotosensitivni
funkce sitnice a funk¢ni propojeni sitnice s centralnim pacemakerem v SCN. SCN samo
pak musi byt dostate¢né zralé, aby mohl byt cirkadianni pacemaker synchronizovan
svételnymi podnéty.

K prvnimu propojeni sitnice s SCN dochazi jiz prvni den po narozeni a jiz prvni
postnatéalni den je sitnice potkanich mlad’at citliva na svétlo. Fotosensitivita gangliovych
bunék sitnice se jiz 1. postnatdlni den projevuje expresi ¢asného raného genu c-fos po
osvétleni a bchem casné postnatalni ontogeneze se dale vyviji (Matéji et al.,
manuskript v pripravé). Jiz od prvniho dne po narozeni dochazi také ke
spontanni expresi hodinovych gent Perl a Per2 v sitnici. Zda se, ze exprese Perl a
Per2 neni v pars nervosa retinae citliva na svétlo. V prvnich dnech po narozeni vSak
byla ptfechodné pozorovana indukce exprese hodinového genu Perl a také casného
rané¢ho genu c-fos v RPE. Vzhledem k tomu, ze nebyly pozorovany rozdily ve spontanni
expresi hodinovych genli mezi subjektivnim dnem a subjektivni noci se zda, ze
mechanismus cirkadidnnich hodin v sitnici potkanich mlad’at je béhem casné postnatalni
ontogeneze jesté nezraly.

Jiz prvni den po narozeni reaguji cirkadianni hodiny v SCN na svételné podnéty,
a to jak na Urovni aktivace neuronti SCN reprezentované indukci exprese casného
raného genu c-fos, tak také indukci exprese hodinového genu Per! v SCN.
Mechanismus kterym cirkadidnni hodiny v SCN vratkuji citlivost exprese Perl a c-fos
ke svételnym podnétiim se zacina uplatinovat od 3. postnatalniho dne. Citlivost exprese
hodinového genu Per?2 a jeji vratkovani se vyviji pomaleji, coZ naznacuje, Ze by mohlo
byt fizeno jinym mechanismem nez u Perl a c-fos. Jak postupné dozrdva molekularni
mechanismus cirkadiannich hodin (Sumova et al., 2008), vratkovaci mechanismus se
dale vyviji a citlivost exprese Perl, Per2 a c-fos je 10. postnatalni den jiZz omezena
pouze na dobu subjektivni noci. Vyvoj vratkovaciho mechanismu je doprovéazen
funkénim rozdélenim SCN na dmSCN, kde dochazi pouze ke spontdnni rytmické
expresi hodinovych genti a vVISCN, kde je exprese Perl a c-fos indukovana svételnym

pulsem béhem subjektivni noci (Matéja et al., 2009).
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Mechanismus, kterym jsou cirkadianni hodiny v SCN synchronizovany svétlem,
ma vice soucasti. Kromé okamzité reakce na svételné podnéty dochazi 1 ke
komplexnimu ovlivnéni dennich profilti ve spontanni expresi hodinovych gent v SCN.
7da se, ze pritomnost mechanismu vratkujiciho citlivost vISCN ke svételnym podnétim
je predpokladem pro to, aby spontanni cirkadianni rytmicita v dmSCN byla ovlivnéna
fotoperiodou. Spontanni exprese hodinovych genti Per!/ a Per2 v SCN zacind byt
modulovana délkou dne 10. postnatdlni den a reakce na fotoperiodu se dale vyviji.
Profil v expresi hodinového genu Cry! je ovlivnén fotoperiodou az 20. postnatalni den a
exprese Bmall je ovlivnéna délkou dne jesté pozdéji (Kovacikova et al., 2005).

Ziskané vysledky naznacuji, ze funkéné nejprve dozrava vISCN, ve kterém
dochazi k okamzitému ovlivnéni exprese hodinovych gent svétlem. Kdyz je dostatecné
vyvinuty mechanismus vratkujici citlivost vVISCN ke svétlu a synaptické propojeni
vISCN a dmSCN dosahne dospé€lé urovné, miize byt informace o svétle zpracovana ve
VvISCN piedana do dmSCN, kde dojde k modulaci exprese hodinovych gena. Jak
komplexni bude ovlivnéni spontanni exprese hodinovych genti vdmSCN délkou dne

zavisi 1 na celkové zralosti molekularniho mechanismu cirkadiannich hodin.
Zaver

V ptedlozenych publikacich, které tvoti zdklad diserta¢ni prace, jsme mapovali
vyvoj svételné synchronizace cirkadianniho systému potkana. Pozornost byla vénovana
zejména tomu, jak béhem prenatalniho a postnatalniho obdobi plisobi svételny rezim na
vyvijejici se cirkadianni hodiny mladéte. V prenatalnim obdobi se informace o svétle
dostavd k mladatim zprostiedkované pies cirkadidnni systém matky a bchem
postnatalniho obdobi se postupné vyviji jak okamzita reakce cirkadianniho pacemakeru
v SCN mlad’at na svételné podnéty, tak i modulace cirkadidnni rytmicity mlad’at délkou

svetlé Casti dne. Rovnéz jsme se vénovali reakci vyvijejici se sitnice na svételné podnéty

béhem ¢asného postnatalniho vyvoje.
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Abstract In mammals, the principal circadian clock within the
suprachiasmatic nucleus (SCN) entrains the phase of clocks in
numerous peripheral tissues and controls the rhythmicity in var-
ious body functions. During ontogenesis, the molecular mecha-
nism responsible for generating circadian rhythmicity develops
gradually from the prenatal to the postnatal period. In the begin-
ning, the maternal signals set the phase of the newly developing
fetal and early postnatal clocks, whereas the external light—dark
cycle starts to entrain the clocks only later. This minireview dis-
cusses the complexity of signaling pathways from mothers and
the outside world to the fetal and newborn animals’ circadian
clocks.

© 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.

Keywords: Circadian system; Suprachiasmatic nucleus;
Peripheral circadian clocks; Ontogenesis

1. Introduction

Organisms are exposed to environmental changes that recur
mostly in 24-h cycles as a consequence of the Earth’s rotation.
The most prominent changes are cycles in light and darkness.
In response to such changes, organisms evolved an endogenous
clock, i.e., a mechanism that enables them to anticipate rhyth-
mically occurring events. Even under constant environmental
conditions, the clock generates rhythmic signals in about
24-h cycles and is, therefore, called circadian (from Latin circa
diem). Under natural conditions, the circadian clock is en-
trained to the 24-h day by external cyclically occurring events,
mainly by the light period of the day. Due to the entrainment,
periods of rest and activity and of many other physiological
functions are restricted to a certain time of the day to ensure
the best strategy for obtaining food, exposure to optimal out-
side temperature, protection against predators and excess of
sun light, etc.

In mammals, the principal circadian clock resides in cells
grouped in two suprachiasmatic nuclei (SCN) of the hypothal-

“Corresponding author. Fax: +420 241062488.
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amus [1]. In rodents, the paired nuclei are composed of about
20000 neurons. These neurons are themselves circadian oscilla-
tors and are mutually synchronized [2]. Morphologically and
functionally, the rodent SCN is divided into at least two parts,
namely the ventrolateral (VL) part called the core and the
dorsomedial (DM) part called the shell. The VL part receives
the photic information from the retina (see below) and ex-
presses mostly light dependent rhythms, e.g., in photoinduc-
tion of the immediate early genes (IEGs) c¢-fos and junB [3].
The DM part exhibits spontaneous oscillations of many rhyth-
mic variables, like expression of the arginine vasopressin and c-

fos genes [4,5]. Apart from the SCN, nearly every tissue of the

body, e.g., liver, kidneys, heart, muscle, spleen, etc., contains a
peripheral clock driving local rhythms specific for the tissue
function [for review see 6]. Under entrained conditions, the
phase of the peripheral clocks is set by the SCN program.
However, the peripheral clocks rhythmicity persists even in tis-
sue culture and may not depend on the SCN [7].

The basic molecular core clock mechanism responsible for
generation of the rhythmicity within the SCN and peripheral
rhythmic cells is formed by interactive transcriptional-transla-
tional feedback loops between the clock genes, namely two Per
(Perl,2), two Cry (Cryl,2), Clock, Bmall, Rev-erba and casein
kinase 1 epsilon (CKle), and their protein products PER1,2,
CRY1,2, CLOCK, BMALI, REV-ERBa, CKle [for review
see 8]. Briefly, CLOCK and BMALI as a heterodimer posi-
tively activates the rhythmic expression of Per, Cry and Rev-
erba, genes. In the cytoplasm, the PER and CRY proteins form
a complex important for nuclear translocation of both pro-
teins. After shuttling into the nucleus, the PER:CRY complex
directly interacts with the CLOCK:BMALI heterodimer and
inhibits CLOCK:BMAL1 mediated transcription. Regulation
of Bmall transcription is mediated mostly by REV-ERBo.
The SCN and peripheral clocks operate with similar compo-
nents and share a similar molecular core clock mechanism.
However, some tissue-dependent differences may exist [9].
Also, phasing of clock gene expression differs between the
SCN and various peripheral tissues. Peripheral clocks may
be phase delayed relative to the SCN by 3-9 h. Although the
molecular basis of the circadian clock has been partially de-
fined, the molecular clock outputs that ultimately control cir-
cadian rhythms at cellular, organ and system-level are still
poorly understood. Components of the core clock mechanism
within the SCN and peripheral tissues may serve as down-
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stream transcription factors. At a certain time of day, they
switch on transcription of a great array of tissue specific clock
controlled genes that are relevant to distinct functions of these
organs [10,11]. For example, about 10% of the liver transcrip-
tome is under circadian control [12,11]. In the SCN, the argi-
nine vasopressin (AVP) gene is one of the best-recognized
clock controlled genes: it is expressed in a circadian manner
and appears to augment SCN excitability [13].

2. Setting the biological clocks

2.1. Entrainment of the central clock

The phase of the central clock is set mostly by photic stimuli:
exposure of animals to light in the first part of the subjective
night phase-delays and in the second half phase-advances the
clock [14]. The photic information is transferred from the retina
to the SCN via the monosynaptic retinohypothalamic (RHT)
and polysynaptic geniculohypothalamic (GHT) tracts. Besides
the classical retinal photoreceptors cones and rods, a small sub-
set of retinal ganglion cells containing the opsin-like protein mel-
anopsin is also photosensitive and projects to the SCN [for
review see 15]. The RHT and GHT terminate on a subset of re-
tino-recipient cells in the VL SCN. The spontaneously rhythmic
cells in the DM SCN receive photic information only through
the VL part. In the late day, the signal of darkness may be neu-
ropeptide Y, the main neurotransmitter of the GHT [16]. During
the night, release of the RHT neurotransmitter glutamate signals
“light” to the clock [for review see 17]. Light-induced clock reset-
ting may involve sequential activation of glutamatergic NMDA
and non-NMDA receptors. Depending on the time when light
impinges on the retina at night, the SCN signals downstream
of glutamate may diverge. In the early night, signal transduction
leads to activation of ryanodine receptors and release of Ca>*. In
the late night, the activated cGMP-dependent pathway down-
stream of glutamate involves Ca”* influx, nitric oxide synthetase
and intracellular movement of nitric oxide. Nitric oxide can acti-
vate soluble guanylylcyclase, which increases cGMP and acti-
vates cGMP-dependent protein kinase (PKG) [18]. Activation
of the second messenger pathways is followed by activation of
transcription factors. The Cai2+ /cAMP response element bind-
ing protein (CREB) is phosphorylated [19] and IEGs, namely
c-fos and jun-B [3] and clock genes Perl and Per2 [20] are trans-
criptionally activated, mostly in the VL SCN. Light induced P-
CREB may directly regulate transcription of Per genes via a
CRE element in the 5'-flanking regions of their promoters [21].
Importantly, light may induce CREB phosphorylation and tran-
scription of IEGs and clock genes only during the interval when
light entrains the clock, i.e., during the subjective night [19,3].
While the role of IEGs in photic entrainment has not yet been
solved, induction of Perl and Per2 genes is believed to be in-
volved in resetting the core clock molecular mechanism. Via
the above-mentioned pathways, the clock may attain a new
phase in response to a photic stimulus experienced at night. Also,
a long day length, i.e., a long photoperiod, such as during sum-
mer days, may modulate the SCN rhythmicity as well as its
molecular clockwork [for review see 17,22].

Non-photic stimuli, like enforced locomotor activity, arou-
sal, serotonergic drugs, melatonin, dark pulses, etc., are also
supposed to reset the central clock when administered at a crit-
ical time of the day, e.g., in the late day [for review see 23]. Due
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to the complexity of the stimuli, their resetting pathways may
vary. These may, however, converge at the same endpoint
since it has been demonstrated that several non-photic cues
acutely downregulate the Perl and Per2 genes, i.e., act oppo-
site to light stimuli. Hence, the Per genes may represent the
molecular target for the modulating effect of non-photic stim-
uli on light signaling to the clock.

2.2. Entrainment of peripheral clocks

Peripheral clocks are indirectly entrained by light via setting
their phase by the light entrainable SCN clock. However, they
may also be directly entrained by changes in their local envi-
ronment. Under normal conditions, the indirect and direct
pathways act in concert. The SCN-controlled rhythm in spon-
taneous feeding represents one of the strongest entraining cues
for many peripheral clocks. In nocturnal animals, the feeding
rhythm is related to another SCN-controlled rhythm, i.e., to
the rhythm in locomotor activity. Both locomotor activity
and feeding mostly occur during night. However, under certain
circumstances, the local entraining cue might be in conflict
with the SCN signaling. This may happen in the case when ac-
cess to food is restricted to an unusual time of the day, i.e., to
the daytime rest period. Under such restricted feeding, the
rhythmic gene expression in liver, kidneys, heart, and other tis-
sues is phase-shifted relative to that in animals fed ad libitum,
whereas the phase of gene expression within the SCN does not
change [24]. Under such conditions, entrainment of the periph-
eral clock mediated via the nutrition supply may uncouple
from the SCN entrainment. Besides the feeding rhythm, the
SCN may control peripheral clocks by humoral as well as neu-
ral pathways. In the liver, glucocorticoids have been proposed
to play a role in setting the phase, as administration of dexa-
methasone acutely shifts rhythmic gene expression in the liver
and induces rhythmic Per expression in cell cultures [25]. Neu-
ral pathways may involve the autonomic nervous system since
adrenaline may control gene expression in the liver [26].

3. Ontogenesis of the biological clocks

3.1. Ontogenesis of the SCN clock

Development of the SCN clock proceeds in more stages
from fetal to postnatal periods. In the rat, the SCN is formed
as a component of periventricular cell groups during embry-
onic days (E)14 through E17. Neurogenesis is complete at
E18 although morphological maturation proceeds until post-
natal day (P)10. During prenatal period, the SCN neurons
only form a few synapses [27]. In this respect, the fetal SCN
might resemble an in vitro culture of dissociated SCN cells
where connections between the individual cells are sparse or
do not exist. Synaptogenesis progresses slowly around birth
and then markedly increases from P4 to P10 [27].

It seems that appearance of the first significant rhythms in
clock genes expression within a population of the rat SCN neu-
rons proceeds in parallel with the SCN development. At E19,
no rhythms of clock genes expression and no clock proteins
PERI1, PER2 and CRY1 are detectable [28]. At E20, formation
of a rhythm in Perl expression is indicated and rhythms of
Per2, Cryl and Bmall only appear during the first postnatal
days [29]. In another study, rhythms in Perl and Per2 expres-
sion in the rat SCN have been reported at E20 [30,31]. Impor-
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tantly, amplitude of the rhythms in Perl and Per2 expression
in rhythmic SCN cells increases with age until P10 [28] as
the synaptogenesis progresses. The parallelism points to the
importance of mutual communication between individual
clock cells for generating a marked rhythmic signal. Interest-
ingly, Bmall is strongly expressed in the fetal SCN of rats
[28] as well as of hamsters [32], while Perl and Cryl are ex-
pressed only weakly.

The rat SCN clock starts to drive output rhythms only
around birth as the rhythm in4VP heteronuclear RNA is
undetectable in the rat SCN at E20, i.e., 1-2 days before birth,
but is clearly present at P1 [29]. The rhythm in 4VP mRNA is
detectable at E21 [33], whereas the rhythm in firing rate only at
E22 [34]. Altogether, these data are in favor of the hypothesis
that the rat is born with a rather immature SCN clock that
develops further postnatally. It remains to be ascertained
whether the day-night difference in the SCN metabolic activ-
ity, monitored by a 2-deoxyglucose uptake and detected as
soon as at E19 [35], i.e., well before the first appearance of
the rhythm in clock genes expression, represents an intrinsic
SCN rhythmicity or a maternal cue driven change. Also, it is
of utmost importance to reveal whether the lack of rhythmicity
in clock genes expression within the fetal SCN is due to a lack
of synchronization between single oscillating SCN cells. How-
ever, the undetectable levels of clock proteins throughout the
circadian cycle at E19 [28] suggest rather a not yet fully devel-
oped core clockwork in the fetal SCN.

3.2. Ontogenesis of peripheral clocks

Development of peripheral clocks depends on maturation of
the organ housing the clock as well as on maturation of the
molecular clockwork. The first appearance of molecular oscil-
lations might be thus highly organ- and species-specific. In the
rat heart, rhythmic expression of Perl and Bmall genes begins
between P2 and P5 whereas that of Per2 begins at P14 [36]. In
the rat liver, rhythms in clock gene expression may start from
P2 and develop further through P10 until P20 [28]. In the
murine cerebral cortex, daily rhythms of Perl and Per2
mRNA are detected from P14 [37].

4. Entrainment of developing clocks

4.1. Maternal signaling to fetal clocks

The fetal SCN clock is supposed to be entrained exclusively
by cues delivered periodically by the mother. Though light un-
der certain circumstances may reach the fetus even in the
uterus [38], the photic pathways to the fetal SCN in altricial ro-
dents are not fully developed. Therefore, non-photic maternal
entrainment appears to be dominant. There is extensive evi-
dence that primarily the maternal SCN sets the phase of the
developing fetal clock. First, the rhythm in the fetal SCN met-
abolic activity is synchronized by the maternal SCN [39]. Sec-
ond, the newly forming and appearing rhythms in clock genes
expression in the very late fetal and early neonatal stages are,
from the beginning, in phase with the maternal clock [29].
Moreover, although the maternal SCN does not generate fetal
rhythms per se, it ensures the postnatal within litter synchrony
[for review see 40]. In hamsters, the postnatal within litter syn-
chrony is established very early during the fetal development
as a maternal SCN lesion at E10 but no more at E12 abolishes
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Fig. 1. Signaling to developing fetal clocks. The maternal circadian
clock within the suprachiasmatic nucleus (SCN) is entrained mostly by
photic and also by non-photic cues with time of the day. The
underlying molecular mechanism is symbolized by Per]l mRNA that is
upregulated by photic and downregulated by non-photic entraining
stimuli. The entrained maternal SCN controls overt humoral and
behavioral rhythms that may feedback to the maternal SCN. At the
same time, the fetal SCN and perhaps peripheral clocks are entrained
via as yet only partially recognized rhythmically delivered maternal
stimuli. Although the fetal clocks begin to exhibit intrinsic rhythmicity
of the molecular clockwork only around birth and early postnatally,
the phase of the newly forming and appearing rhythms in the fetal
SCN is set by the maternal SCN early prenatally. Pathways from the
maternal to fetal clocks may involve signaling by dopamine via
induction of c-fos and/or by melatonin (thick arrow). Also, behavioral
maternal rhythms, e.g., locomotor activity and feeding may, hypo-
thetically, entrain the fetal clocks (thin arrows). For more detail see
Section 4.1.

the synchrony [41]. In rats, it is suggested that the maternal
synchronization of fetal clocks occurs even before the SCN
is formed [42]. If this is the case, what is the fetal anatomical
substrate that is synchronized by the mother’s clock? And as
the molecular clockwork in the rat SCN develops mostly post-
natally, what is the fetal molecular mechanism that is synchro-
nized by maternal signals? There is also confusion concerning
the photoperiodic entrainment of fetuses and newborn ro-
dents. Djungarian hamsters maintain memory of the photope-
riod experienced during their fetal stage even postnatally, i.e.,
the photoperiodic entrainment should be set by their mothers.
However, rhythms in clock genes expression or in c¢-fos pho-
toinduction in the neonatal rat SCN are not modulated by
the photoperiod experienced by mothers during pregnancy
[43,44], though photoperiod modulates the rhythms in the
adult rat SCN [for review see 22]. The above-mentioned
rhythms, as well as the overt rhythm in the pineal melatonin
production, start to be photoperiod dependent only around
P10 [for review see 40]. A question arises as to where the mem-
ory of the photoperiod experienced during the fetal stage is
stored, if not in the neonatal rodent SCN?

Also the entraining signal from mother to fetus is still not
completely understood. A designed candidate must exhibit a
circadian variation, penetrate the placenta and act at a func-
tional receptor or affect neuronal activity of the fetal SCN. It
is difficult to imagine how the fetal clock might become en-
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Fig. 2. Signals entraining clocks after birth. Three developmental periods in rodents are depicted: (i) about first week of life, i.e., between the
postnatal day 0 and 6-10 (PO-P6(10)); (ii) since the end of the first week until P20 involving the start of weaning (P6(0)-P20); and (iii) between P20
and the end of weaning at P28 (P20-P28). PO-P6(10): During this period, pups are fully dependent on maternal care and maternal entrainment
prevails. Periodic absence of the mother might entrain molecular oscillations within the pup’s SCN clock via glucocorticoids. Periodic breast feeding
and maternal care entrain molecular oscillations in the peripheral clocks. Although the newborn pup’s SCN clock is already photosensitive, the
photic entrainment does not yet occur. P6(10)-P20: during this period, pups open their eyes and start to be partially independent of their mothers.
Significance of maternal absence as an entraining cue of the pup’s SCN is losing and the pup’s SCN clock begins to be entrained by photic stimuli. At
the same time, the pup’s SCN may start to control peripheral clocks. Moreover, apart from the maternal day-time feeding, pups begin gradually to
forage themselves during the night-time and molecular oscillations of peripheral clocks shift accordingly. P20-P28: during this period, pups become
completely independent of their mothers and maternal entrainment is lost. Similarly as in adults, the SCN clock is entrained dominantly by photic
cues and peripheral clocks by nocturnal feeding regime. The SCN clock may entrain molecular oscillations in peripheral clocks either directly or
rather indirectly via entraining the feeding regime with the external daytime. For more details see Sections 4.2 and 4.3.

trained before it becomes rhythmic itself. Hypothetically, the
mechanism might be similar to induction of oscillations in
peripheral clock cells in vitro following the addition of serum
[45]. At a certain time of day, an entraining maternal cue
may trigger a signaling pathway that might impinge onto the
yet non-rhythmic clock cells and induce expression of certain
genes. Consequently, an imprinting of time awareness might
be initiated. Alternatively, a maternal signal might synchronize
already existing oscillations in individual cells. Maternal mela-
tonin may fulfill all the criteria of a functional entraining cue
and was considered as a first class candidate at least for the
photoperiodic entrainment. However, it appears that hor-
mones are not exclusive entraining cues for the fetal clock.
Activation of dopaminergic pathways through D1 receptors
entrains rodent fetuses as well [46]. Dopamine receptors, as
well as melatonin receptors, are present in fetal SCN cells
[47]. While melatonin might be considered as the signal of
night, dopamine might be the signal of day. The dopaminergic
signaling includes activation of the IEG c-fos within the fetal
SCN [48]. In the adult rat SCN, c-fos expression is spontane-
ously high during the daytime and low during the nighttime
[S]. ¢-fos expression is likely related to neuronal activation
which is also high during the day and low during the night.
Importantly, a marked rhythm in cFos protein immunoreac-
tivity in the neonatal rat SCN is present at P3, i.e., at the ear-
liest time tested [44]. Preliminary data show that the rhythm
might be present even at earlier developmental stages (El-
Hennamy et al., unpublished results). It is therefore possible
that maternal cue-induced c-fos expression may provide the fe-

tal clock with a daytime signal and elevation of neuronal activ-
ity. It is not yet clear, however, how the suggested signals and
pathways may induce rhythmic expression of clock genes. The
signaling pathways activating c-fos and Per genes share a com-
mon element, i.e., phosphorylation of CREB. This step might
represent the crucial point triggering rhythmic clock gene
expression. As more cues share the ability to induce phosphor-
ylation of CREB and expression of c-fos, the induction might,
hypothetically, represent a common step setting the daytime in
the fetal clock (see Fig. 1).

4.2. Signals entraining the central clock postnatally

In rodents, such as rats, mice and hamsters, the newborn neo-
nates are fully dependent on their mothers. In the laboratory, the
exquisite maternal entrainment of their rhythmicity becomes
less important after the first week of their life when the photic
entrainment starts to override the maternal entrainment. In nat-
ure, the switch from maternal to photic entrainment may corre-
late with the ability of pups to leave their underground burrows
and get exposed to the environmental light. The mechanism
underlying the change in sensitivity of the clock to entraining sig-
nals is not fully understood. The phase of the newborn rat SCN
clock is set prenatally, synchronously with the mother’s clock.
Rat pups are born, however, with a low-amplitude oscillation
in clock genes expression and the amplitude increases only grad-
ually [28,29]. At the early developmental stage, pups may be
partly entrained to the different circadian phase of a foster
mother [for review see 40]. This maternal entrainment may be
facilitated or even enabled by the low amplitude of pups’ clock
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oscillations. As the clock rhythmicity strengthens, maternal cues
may lose the ability to entrain it and a stronger entraining agent,
i.e., light, may take their place.

Maternal cues entraining the pups’ clock postnatally may
not be the same as those entraining the fetal clock. Many
potentially entraining substrates, such as, e.g., melatonin,
may be delivered in milk. Recent studies however indicate that
this pathway may contribute only little to resetting the pups’
clock. When blinded newborn rats are reared by a foster
mother on an inverted light-dark regime, the phase of rhythms
in Perl and Per2 mRNAs within the pups’ SCN is shifted only
marginally by about 2 h [30]. Maternal behavior, namely ab-
sence of the mother, may, however, strongly entrain the neona-
tal clock. When newborn pups are deprived of their mothers
during the light phase, i.e., at the time when they usually suckle
milk, the rhythmic SCN expression of Perl and Per2 genes is
completely phase-reversed within six days [31]. Likely, the
feeding regime and the periodic partial maternal absence are
not the crucial resetting cues for the pups’ SCN clock, as they
are also reversed under the fostering experiment [30]. The com-
plete absence of the mother at the time when pups are usually
fed may be, however, a strong stressor for pups altering expres-
sion of stress related genes, such as corticotropine releasing hor-
mone, glucocorticoid receptor and AVP [31]. Hypothetically,
the signaling pathway involved in the maternal postnatal
entrainment might employ glucocorticoids similarly as with
entrainment of peripheral clocks in adults. Sensitivity of the
SCN clock to stress diminishes with postnatal age [49].

As innervation of the VL SCN via RHT and GHT develops
mostly during the first days after birth, pups become more sen-
sitive to light and gradually the photic entrainment of the SCN
clock prevails. The signaling cascade responding to light is
functional at least partly immediately after birth: light pulses
induce c-fos expression in the rat SCN on the day of birth
[48] or at P1 [50]. The light induced gene expression is, how-
ever, not the only pre-requisite for photic resetting the circa-
dian clock. The photic entrainment may be accomplished
mostly due to the fact that light induces the signaling cascade
only during a restricted time window that corresponds to the
duration of subjective night. During the subjective night, the
SCN clock is sensitive to light and photic stimuli may phase
delay or phase advance the clock depending upon the time
of their administration. The mechanism of how the molecular
clockwork gates the response to light is still not understood.
The gate for insensitivity to light is not yet developed at P3
since light pulses administered at any time within a 24-h cycle
induce high cFos immunoreactivity in the SCN no matter
whether it is day or night [44]. In another study [48] a slight
gate was indicated at P2. However, the gate for insensitivity
to light becomes present only at P10 [44]. This day corresponds
well with the developmental stage when photic entrainment be-
gins to override maternal entrainment [for review see 40].
Moreover, at P10 the rat SCN clock starts to be entrained
by the photoperiod [43]. In comparison with adult rats [51],
the photoperiodic control of the molecular clockwork is only
partial and even at P20 it is not yet complete [43]. The data
suggest that at least in rodents, the postnatal photic and pho-
toperiodic entrainment develops in dependence on advance-
ment of the mechanism that gates the clockwork insensitivity
to light. The development proceeds gradually and may be
accomplished at the end of the weaning time (see Fig. 2).
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4.3. Signals entraining peripheral clocks postnatally

During postnatal ontogenesis, the circadian expression of
clock genes in the rat peripheral clocks might be entrained
not only by signals from the developing SCN clock, but also
by maternal behavior, namely by the rhythm in breast feeding
and care of the newborns. The latter possibility seems to be the
case in the first weeks of life. The mother feeds her pups and
thus keeps them active mostly during the day. Adult rats, how-
ever, are active and consume food mostly at night. During the
weaning period, between P14 and P28, the pup’s feeding and
activity regimes apparently change. In parallel with the
changes, the phases of rhythms in genes expression in the heart
change as well [36]. First, the phases shift by several hours be-
tween P14 and P20. The shifts, though smaller, continue, to-
gether with a drastic change of the rhythm’s amplitude
between P20 and P30, when the matured circadian system
seems to have been established. Similarly, during development
of the molecular clockwork in the rat liver, rhythms of clock
genes expression appear to phase shift during the first weeks
of life [28]. Apparently, at this developmental stage, setting
peripheral clocks by the feeding regime may prevail upon
entrainment by the SCN (see Fig. 2).

5. Concluding comments

This minireview cannot encompass all known data on bio-
logical clocks and their entrainment during development.
From the data summarized it is, however, obvious how little
is known about biochemical signals setting the time in the
clocks. Many questions still remain to be answered. What
may be the pathways setting the phase of the SCN clock pre-
natally by the mother at the time when the fetal SCN is not
yet formed or at the time when the molecular clockwork is
not yet functioning? And what pathways mediate maternal
entrainment of the central and peripheral clocks during the
first weeks after delivery?

It is of great importance to recognize principles of maternal
and photic entrainment of the circadian system during devel-
opment. This system plays a significant role in controlling
many physiological processes and understanding the mecha-
nisms of its entrainment during ontogenesis might facilitate
optimization of conditions necessary for its healthy develop-
ment in animals, as well as human beings.
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Maternal Control of the Fetal and Neonatal Rat
Suprachiasmatic Nucleus

Rehab El-Hennamy, Kristyna Mat¢ji, Zdena Bendov4, Serhiy Sosniyenko, and Alena Sumové'

Institute of Physiology, Academy of Sciences of the Czech Republic, Prague, Czech Republic

Abstract  The molecular clockwork underlying the generation of circadian rhythmicity
within the suprachiasmatic nucleus (SCN) develops gradually during ontogene-
sis. The authors’ previous work has shown that rhythms in clock gene expression
in the rat SCN are not detectable at embryonic day (E) 19, start to form at E20 and
develop further via increasing amplitude until postnatal day (P) 10. The aim of the
present work was to elucidate whether and how swiftly the immature fetal and
neonatal molecular SCN clocks can be reset by maternal cues. Pregnant rats main-
tained under a light-dark (LD) regimen with 12 h of light and 12 h of darkness
were exposed to a 6-h delay of the dark period and released into constant dark-
ness at different stages of the fetal SCN development. Adult rats maintained
under the same LD regimen were exposed to an identical shifting procedure.
Daily rhythms in spontaneous c-fos, Avp, Per1, and Per2 expression were examined
within the adult and newborn SCN by in situ hybridization. Exposure of adult rats
to the shifting procedure induced a significant phase delay of locomotor activity
within 3 days after the phase shift as well as a delay in the rhythms of c-fos and
Avp expression within 3 days and Perl and Per2 expression within 5 days.
Exposure of pregnant rats to the shifting procedure at E18, but not at E20, delayed
the rhythm in c-fos and Avp expression in the SCN of newborn pups at P0O-1. The
shifting procedure at E20 did, however, induce a phase delay of Perl and Per2
expression rhythms at P3 and P6. Hence, 5 days were necessary for phase-shifting
the pups’ SCN clock by maternal cues, be it the interval between E18 and P0-1 or the
interval between E20 and P3, while only 3 days were necessary for phase-shifting
the maternal SCN by photic cues. These results demonstrate that the SCN clock is
capable of significant phase shifts at fetal developmental stages when no or very
faint molecular oscillations can be detected.

Key words circadian system, suprachiasmatic nucleus, ontogenesis, maternal entrain-
ment, rat

The intrauterine period is important for postnatal
development of mammals. During this period, a
developing organism is mostly protected from the
influence of the external environment, but it is con-
tinuously exposed to the internal maternal milieu.

The majority of maternal signals that are delivered to
the fetus transplacentally exhibit circadian rhythms.
Maternal circadian rhythms are driven by an endoge-
nous clock located within the suprachiasmatic nuclei
(SCN) of the hypothalamus (Klein et al., 1991). The
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clock is dominantly entrained by the light-dark
regimen of the solar day, mainly by its light period
(Pittendrigh, 1981). Therefore, timing of maternal
cues may provide fetuses with information about the
external time. However, it is still not known whether
and how maternal cues impinge on the fetal SCN
clock.

In the rat, the prenatal period lasts for about 22
days. Neurogenesis of the SCN begins on embryonic
day (E) 14 and is completed at E18, but the morpho-
logical maturation of the SCN neurons proceeds grad-
ually until postnatal day (P) 10 (Moore, 1991).
Synaptogenesis within the SCN appears to be a
slower process: at E19, only sparse synapses can be
observed. The process begins to progress only in the
late prenatal and early postnatal periods, and then
increases noticeably between P4 and P10 (Weinert,
2005). Thus, during the prenatal period, although
SCN neurons are present, the multilevel intercellular
coupling may not yet be functional. The coupling
strengthens during the 1st postnatal week, and the rat
SCN is developed to its full complexity only at P10.
Therefore, morphological development of the SCN
extends well into the postnatal period. The develop-
ment is genetically determined and occurs without
input from the external environment (Jud and
Albrecht, 2006). A question remains as to whether the
morphologically immature SCN clock serves as a self-
sustaining clock or whether it functions first as an
hourglass oscillator and only later becomes an
autonomous clock (Sumova et al., 2008). During the
late prenatal period, the SCN exhibits day-night vari-
ation in metabolic activity (Reppert and Schwartz,
1984), in Avp mRNA levels (Reppert and Uhl, 1987),
and in the firing rate of its neurons (Shibata and
Moore, 1987). In adults, all of these rhythms are sup-
posed to be driven by the SCN clock. However,
within the fetal SCN, the rhythms might arise also
from cyclically appearing maternal cues that impinge
on fetal SCN neurons. Such maternal “zeitgebers”
might trigger rhythms in neuronal and metabolic
activity as well as in Avp mRNA levels. Indeed, it has
been demonstrated that transcription of Avp might be
regulated by a non-clock-related mechanism (Iwasaki
et al., 1997; Burbach et al., 2001). Recent data using a
more reliable marker of transcription rate than detec-
tion of mRNA, that is, detection of heteronuclear
RNA as a nascent transcript, revealed circadian rhyth-
micity in transcription of the Avp gene in the rat SCN
only at P1, but not at E20 (Kovacikova et al., 2006).

A self-sustained clock generates circadian rhyth-
micity through molecular clockwork composed of

interactive transcriptional-translational feedback
loops. A contemporary model of the molecular core
clockwork presumes that rhythmic expression of
clock genes, namely, Perl, Per2, Cryl, Cry2, Rev-erba,
Bmall, as well as their proteins, drives the circadian
clock in a cell-autonomous fashion (for review, see Fu
and Lee, 2003; Ko and Takahashi, 2006; Reppert and
Weaver, 2001). The molecular core clockwork devel-
ops gradually during ontogenesis. Ohta et al.
reported clear daily rhythms of Perl and Per2 mRNA
in the rat SCN at E20 (Ohta et al., 2002, 2003).
However, other authors did not detect significant
rhythms in Per1, Per2, Cryl, and Bmall mRNA in the
rat SCN at E19 (Sladek et al., 2004), when the fetal rat
SCN is already formed (Moore, 1991) and the rhythm
in metabolic activity has become apparent (Reppert
and Schwartz, 1984). Moreover, at that stage, clock
gene proteins PER1, PER2, and CRY1 not only did
not exhibit any circadian variation, but were in fact
undetectable (Sladek et al., 2004). At E20, the rhythm
in Perl expression began to form, but the amplitude
was very low (Kovacikova et al., 2006). Rhythms in
clock gene expression developed gradually during
the postnatal period, and adult-level amplitudes
were achieved only at P10 (Kovacikova et al., 2006).
Similarly, molecular oscillations equivalent to those
observed in adults were not detected in the fetal
hamster SCN (Li and Davis, 2005). In mice,
Shimomura et al. reported a significant oscillation in
Per1 but not in Per2 mRNA in the SCN at E17, and
that the amplitude of the oscillations increased pro-
gressively with postnatal age (Shimomura et al.,
2001). The aforementioned data suggest that during
fetal development, the SCN circadian clock is not
able to generate high-amplitude synchronized oscil-
lations in clock gene expression and, therefore, may
not be able to function as a self-sustained clock.

In the present study, we aimed to determine
whether and how swiftly the immature fetal and
neonatal molecular SCN clock can be reset by mater-
nal cues. The maternal SCN clock was shifted by a 6-h
delay of the dark period at different stages of fetal
SCN development. The impact of the shift on the pre-
natal SCN clock was assessed by determining pro-
files of spontaneous oscillations in c-fos and Avp
expression on the 1st postnatal day. c-fos and Aovp
expression profiles were chosen as phase markers
because clock gene expression exhibits only very low
amplitude oscillations in the rat SCN at this develop-
mental stage (Kovacikova et al., 2006). To investigate
an impact of the shift on the molecular core clock-
work in the SCN on the postnatal day 3 and 6, Perl
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and Per2 mRNA profiles were monitored because at
these developmental stages amplitudes of both
rhythms already allow determination of phase shifts.
We assumed that a circadian clock that is not capable
of generating synchronized molecular oscillations, as
is the case for the fetal rat SCN, would not be
entrained by maternal cues. However, we found a
significant phase shift of the SCN clock at fetal devel-
opmental stages when no or only faint molecular
oscillations were detected. This finding might suggest
that maternal cues drive rather than entrain the imma-
ture fetal rat SCN clock.

MATERIALS AND METHODS

Animals

Male and female Wistar rats (Bio Test s.r.o.,
Konarovice, Czech Republic) were maintained for at
least 4 weeks at a temperature of 23 £ 2 °C and under
a light-dark cycle with 12 h of light and 12 h of dark-
ness (LD 12:12) per day, with lights on from 0700 to
1900 h. The rats had free access to food and water
throughout the whole experiment. Light was pro-
vided by overhead 40-W fluorescent tubes, and illu-
mination was between 50 and 200 Ix depending on
cage position in the animal room. Vaginal smears
were taken from females to determine the day of
estrus; on the same day, females were mated with
males. The day when female rats were found to be
sperm-positive was designated embryonic day 0
(E0); the day of delivery, which occurred at about
E22, was designated postnatal day 0 (P0).

All experiments were conducted under license No.
A5228-01 with the U.S. National Institutes of Health
and in accordance with Animal Protection Law of the
Czech Republic (license No. 42084 /2003-1020).

Experimental Protocol

On gestational days 18 and 20, pregnant rats were
divided into 2 groups. A control group remained
untreated under the previous LD regimen. The other
group was exposed to a 6-h delay of 1 dark period, so
that the light was switched off and on by 6 h later
than before, that is, at 0100 and 1300 h, respectively
(Fig. 1). At the next cycle, rats of both groups were
released into constant darkness (DD) at 1900 h and
were kept in darkness until pups were born and sam-
pled at 2-h intervals at P0-1, P3, and P6. The time of
the original light onset experienced by pregnant rats

LD12:12

o7 19 7 L
-6h shift | 5

07 i 01 ! 13 19
DD

cTo CT12 CTo G112
sampling ******?1?****

Figure 1. Experimental protocol for the shifting procedure.
Pregnant rats were maintained in a light-dark cycle with 12 h of
light and 12 h of darkness per day (LD 12:12) with lights on at
0700 h and lights off at 1900 h. On gestational day 18 or 20, rats
were divided into 2 groups. For the group exposed to the shift-
ing procedure, the light period was extended so that lights-off
and lights-on were delayed by 6 h and occurred at 0100 h and
1300 h, respectively. Rats in the control group remained under
the previous LD regimen. Thereafter, the lights were turned off
at 1900 h. The next morning, the lights were not turned on and
rats of both groups were maintained in constant darkness (DD)
until sampling of their pups. Time of the original light onset was
designated as CTO and the time of the original offset as CT12.
Pups were sampled at 2-h intervals at postnatal day P0-1, P3, and
P6 starting at CT12. Simultaneously, adult male rats were sub-
jected to treatments identical to those of the control and phase-
shifted groups of pregnant rats and sampled 3 and 5 days after
the treatment.

was designated as circadian time (CT) 0 and the time
of the original light offset was designated as CT12.
Simultaneously, adult male rats were subjected to
treatment identical with that experienced by control
and phase-shifted groups of pregnant rats, to provide
evidence for the efficiency of the procedure for
phase-delaying circadian rhythmicity within the
adult SCN. Adult rats were monitored for locomotor
activity and/or killed under anesthesia at 2-h inter-
vals throughout the 24-h cycle, 3 or 5 days after the 6-h
delay of the dark period. Pups were killed by rapid
decapitation at 2-h intervals of the 24-h cycle at P0-1,
P3, and P6. Brains were removed, immediately
frozen on dry ice, and stored at —80 °C. They were
sectioned into 5 series of 12-um-thick slices in alter-
nating order throughout the whole rostrocaudal
extent of the SCN. Sections were further processed
for in situ hybridization to determine profiles of c-fos
mRNA and Avp hnRNA at P0-1 and in adults, and of
Per1 and Per2 mRNA at P3, P6, and in adults.

Locomotor Activity Monitoring

Adult male and female rats were maintained indi-
vidually in cages equipped with infrared movement
detectors attached above the center of the cage top,
enabling detection of locomotor activity across the
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whole cage. Activity was measured every minute
using a circadian activity monitoring system (Dr.
H.M. Cooper, INSERM, France) and was analyzed by
Actiview Biological Rhythms Analysis software
(Mini Mitter, Bend, OR). Double-plotted actograms
were generated for visualization of data. The activity
onset and offset was determined by 2 independent
observers by fitting lines connecting at least 5 succes-
sive activity onsets or offsets by eye before and after
the shift of the light-dark cycle.

In Situ Hybridization

The ¢cDNA fragments of rat c-fos (1160 bp; corre-
sponds to nucleotides 141-1300 of the sequence in
GenBank accession number X06769), Avp (506 bp;
identical to nucleotides 796-1302 of the intronic
sequence in GenBank accession number X01637),
Per1 (980 bp; corresponds to nucleotides 581-1561 of
the sequence in GenBank accession number
AB002108), and Per2 (1512 bp; corresponds to
nucleotides 369-1881 of the sequence in GenBank
with accession number NMO031678) were used as
templates for in vitro transcription of complementary
RNA probes. The Perl and Per2 fragment-containing
vectors were generously donated by Professor H.
Okamura (Kobe University School of Medicine,
Kobe, Japan) and the c-fos fragment-containing vec-
tor was generously donated by Dr. Tom Curran
(Children’s Hospital of Philadelphia, Philadelphia,
PA). The Avp ¢cDNA was cloned in our laboratory
(Kovacikova et al., 2006). Probes were labeled using
#S-UTP, and the in situ hybridizations were per-
formed as described previously (Kovacikova et al.,
2006; Shearman et al., 2000; Sladek et al., 2004). The
sections were hybridized for 20 h at 60 °C. Following
a posthybridization wash, the sections were dehy-
drated in ethanol and dried. Finally, the slides were
exposed to the film BIOMAX MR (Kodak) for 10 to 14
days and developed using the ADEFO-MIX-S devel-
oper and ADEFOFIX fixer (Adefo-Chemie Gmbh,
Dietzenbach, Germany). Brain sections from control
and phase-shifted animals were processed simulta-
neously under identical conditions.

Autoradiographs of sections were analyzed using
an image analysis system (Image Pro, Olympus, New
Hyde Park, NY) to detect relative optical density
(OD) of the specific hybridization signal. In each ani-
mal, mRNA or hnRNA was quantified bilaterally,
always at the midcaudal SCN section containing the
strongest hybridization signal. Each measurement was
corrected for nonspecific background by subtracting

OD values from the same adjacent area in the hypo-
thalamus. The background signal of that area served
as an internal standard and it was consistently low
and did not exhibit marked changes with time of the
day. Finally, slides were counterstained with cresyl
violet to check the presence and the midcaudal posi-
tion of the SCN in each section. For each time point,
3 or 4 rats were killed. The OD for each animal was
calculated as a mean of values for the left and right
SCN.

Data Analysis

Data were analyzed by 2-way analysis of variance
(ANOVA) for the group and time differences.
Subsequently, the Student-Newman-Keuls multiple
range test was used, with a significance level of p <
0.05. Cross-correlation analysis was used to test phase
differences between the profiles of gene expression.

RESULTS

Effect of a 6-h Phase Delay of the Dark Period
on the Locomotor Activity and Profiles of
c-fos, Avp, Perl, and Per2 Expression in

the SCN of Adult Rats

We first aimed to determine how the shifting pro-
cedure affects the maternal SCN. Dynamics of the
SCN entrainment in adult rats were assessed from
the locomotor activity recordings before and after the
6-h shift of the dark period. A representative locomo-
tor activity actogram is depicted in Figure 2. The
phase delay of locomotor activity was apparent by
the 3rd day after the shift of the dark phase.

To provide further evidence that the adult SCN
had phase shifted, we determined daily profiles of
c-fos and Auvp expression on the 3rd day and of Perl
and Per2 expression on the 5th day after the delay of
the dark period in the SCN of control rats and those
exposed to the shifting procedure (shifted group).

For c-fos mRNA levels (Fig. 3A), the 2-way
ANOVA revealed a significant effect of time (F =35.9,
p < 0.001). Although the effect of group was not sig-
nificant, the highly significant interaction effect (F =
10.2, p < 0.001) suggested the presence of differences
at specific time points between the c-fos mRNA
profiles for the control and shifted groups. c-fos
mRNA levels at CT24 and CT2 were significantly
higher (p < 0.001) and levels at CT12 and CT6 were
significantly lower (p < 0.001) in controls than in
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than in the shifted group.
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Figure 2. Representative double-plotted actogram of locomotor activity of 1 female (A) and 1 male
(B) rat subjected to the experimental procedure described in Figure 1. The white and black bars on
the top of the actogram represent the light and dark periods of the LD cycle prior to exposure to the
shifting procedure. On the left side, the actogram shows raw data without labeling. On the right
side, the actogram is depicted with a shaded area that marks time when the rat was maintained in
darkness. Activity onset and offset before and after the phase shift was determined by 2 indepen-
dent observers by fitting lines connecting at least 5 successive activity onsets or offsets by eye (the

vertical lines on the right side actogram).

the shifted group. The entire daily profile of c-fos
expression was phase delayed by about 2 h in ani-
mals exposed to the shifting procedure compared
with the profile of control animals (correlation
coefficient R = 0.967, p < 0.001).

For Avp hnRNA levels (Fig. 3B), the 2-way
ANOVA revealed a significant effect of time (F =
189.5, p < 0.001) and of group (F = 30.8, p < 0.001) as
well as a significant interaction effect (F = 14.2, p <
0.001). Avp hnRNA levels were significantly higher at
CT22, CT24, and CT2 (p < 0.001) and significantly
lower at CT12 (p < 0.05) in controls compared with
the shifted group. Apparently, the rise but not the
decline in Avp expression was phase delayed by
about 2 h in animals exposed to the shifting proce-
dure compared with the control animals (correlation
coefficient R = 0.977, p < 0.001).

For Perl mRNA levels (Fig. 3C), the 2-way
ANOVA revealed significant effects of time (F =
167.4, p <0.001), group (F = 6.2, p <0.05), and interac-
tion (F =33.3, p < 0.001). The levels were significantly
higher at CT2 and CT4 (p < 0.001) and lower at CT12,
CT14 (p < 0.001), and CT16 (p < 0.05) in the control
than in the shifted group. The entire daily profile of
Per1 expression was phase delayed by about 2 h in
animals exposed to the shifting procedure compared
with the controls (correlation coefficient R = 0.978,
p < 0.001).

For Per2 mRNA levels (Fig. 3D), the 2-way ANOVA
revealed a significant effect of time (F = 58.7, p < 0.01).
Although the effect of group was not significant, the
highly significant interaction effect (F =7.7, p < 0.001)
suggested the presence of differences at specific time

Per2 expression was phase
delayed by about 2 h in ani-
mals exposed to the shift-
ing procedure compared
with that of the control ani-
mals (correlation coeffi-
cient R = 0.947, p < 0.001).

Effect of the Maternal Phase Shift at E20 on
Profiles of c-fos and Avp Expression in the SCN at
P0-1 and of Per1 and Per2 Expression at P3 and Pé6

Our second aim was to investigate whether expo-
sure of pregnant rats to the shifting procedure on ges-
tational day 20 (E20) entrains the fetal SCN. To
determine whether the shift could be accomplished
during prenatal period within 3 days, the profiles of c-
fos and Avp expression were assessed in newborn pups
at PO-1. To determine whether the shift is detectable
during the postnatal period, the profiles of Perl and
Per2 expression were determined at P3 and P6.

For levels of c-fos mRNA at PO-1 (Fig. 4A), the 2-way
ANOVA revealed a significant effect of time (F =28.2,
p < 0.001) and of group (F = 10.6, p < 0.01) as well as a
significant interaction effect (F = 3.6, p < 0.001).
Although there were significant differences in c-fos
mRNA levels between the control and the shifted
group at specific time points, a significant rise in c-fos
mRNA levels occurred at the same time, that is, at
CT2, in controls and the shifted group. The elevated
levels declined at CT16 in the control and at CT18 in
the shifted group. Altogether, at P0-1, the profile of
c-fos expression was not phase shifted in pups of
mothers exposed to the shifting procedure at E20
compared with the profile of pups born to control
mothers. The same hold true for Aup hnRNA profiles.
At PO-1 (Fig. 4B), the 2-way ANOVA revealed a sig-
nificant effect of time (F = 22.1, p < 0.001) and group
(F=5.3,p<0.05), but not for the interaction. The daily
profile of Avp expression in pups of mothers exposed
to the shifting procedure at E20 was not phase shifted
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Figure 3. Effect of the shifting procedure on gene expression within the adult suprachiasmatic
nucleus (SCN) clock. Daily profiles of c-fos (A), Avp (B), Per1 (C), and Per2 (D) mRNA were deter-
mined within the SCN of adult male rats. Control rats (full circles) were released into constant dark-
ness and sampled 3 (A, B) and 5 (C, D) days later throughout the 24-h cycle starting at CT12. Group
of rats exposed to the shifting procedure and released into darkness (open circles) were sampled 3
(A, B) and 5 (C, D) days after the treatment starting at CT12. For further details of experimental pro-
tocol, see Materials and Methods. Data represent mean values of 4 animals per time point and SEM. (F

relative to the profile of pups born to control
mothers.

Regarding levels of Per]l mRNA at P3 (Fig. 5A), the
2-way ANOVA revealed a significant effect of time
(F=39.7, p <0.001). Although the effect of group was
not significant, the highly significant interaction
effect (F = 6.3, p < 0.001) suggested the presence of
differences at specific time points between both
groups. Per] mRNA levels at CT24, CT2, and CT4
were significantly higher (p < 0.001) and at CTS,
CT10, and CT12 significantly lower (p < 0.001, 0.05,
and 0.001, respectively) in controls compared with
the shifted group. Similarly, at P6 (Fig. 5C), the 2-way
ANOVA revealed a significant effect of time (F =24.1,
p < 0.001) though not of group for levels of Perl
mRNA. However, the highly significant interaction
effect (F = 6.2, p < 0.001) suggested that there may
indeed be differences between the control and the
shifted group. Perl mRNA levels were significantly
higher at CT24 (p < 0.05), CT2, and CT4 (p < 0.001)
and lower at CT8, CT10 (p < 0.01), and CT14 (p <
0.001) in the control group compared with the shifted
group. Altogether, at P3 as well as at P6, the entire
daily profile of Perl expression was phase delayed by
about 2 h in pups born to mothers exposed to the

than in the shifted group.
Similarly for levels of Per2
mRNA at P6 (Fig. 5D), the
2-way ANOVA revealed a
significant effect of time
= 89.1, p < 0.001).

Although the effect of
group was not significant, a highly significant interac-
tion effect (F = 8.5, p < 0.001) again suggested the pres-
ence of differences at specific time points in the
expression profiles for the control and the shifted
group. Per2 mRNA levels were significantly higher at
CT2 and CT4 (p < 0.001) and lower at CT18 (p < 0.001)
in controls compared with the shifted group. In sum-
mary, at P3 as well as at P6, the entire daily profile of
Per2 expression was phase delayed by about 2 h in
pups born to mothers exposed to the shifting proce-
dure at E20 relative to the profile of pups born to con-
trol mothers (correlation coefficient R = 0.934 and
0.950, respectively, p < 0.001).

The data indicate that the fetal SCN did not
entrain in parallel with the maternal SCN, that is,
within 3 days after the shifting procedure, but rather
later during the postnatal period at P3, that is, within
5 days after the shift. A similar phase delay as that
observed at P3 was also confirmed at P6.

Effect of the Maternal Shift at E18 on Profiles
of c-fos and Avp Expression in the SCN at P0-1

To elucidate whether the prenatal SCN can be
entrained by maternal cues, pregnant rats were
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Figure 4. Effect of the shifting procedure on gene expression within the prenatal suprachiasmatic
nucleus (SCN) clock. Daily profiles of c-fos mRNA (A, C) and Avp hnRNA (B, D) were determined
within the SCN of pups at P0-1 born either to control mothers (full circles) or to those exposed to
the shifting procedure (open circles) at gestational day 20 (A, B) or 18 (C, D). For further details of
the experimental protocol, see Material and Methods. Data represent mean values of 4 (occasionally

3) animals per time point and SEM.

exposed to the shifting procedure at E18 rather than at
E20, and profiles of c-fos and Avp gene expression were
determined in the newborn pups at PO-1. This experi-
mental design allowed the fetal SCN to be exposed to
the shifting maternal entraining cues for 5 days instead
of 3 days, that is, for the same time interval as the period
between a shift at E20 and sampling of pups at P3 (see
above). This arrangement permitted exclusively prena-
tal maternal cues to impinge on the pup’s SCN.

For levels of c-fos mRNA at P0-1 (Fig. 4C), the
2-way ANOVA revealed a significant effect of time (F =
47.6, p < 0.001). The effect of group was not signifi-
cant, but a highly significant interaction effect (F =
8.0, p < 0.001) implied differences at specific time
points between the control and the shifted group.
c-fos mRNA level at CT2 was significantly higher (p <
0.001) and at CT4 and CT8 lower (p < 0.001) in the
control compared with the shifted group. The daily
profile of c-fos expression in pups born to mothers
exposed to the shifting procedure at E18 appeared
to be phase delayed by about 2 h relative to the
profile of pups born to control mothers (correlation
coefficient R = 0.963, p < 0.001).

For levels of Avp hnRNA at P0-1 (Fig. 4D), the
2-way ANOVA revealed a significant effect of time

pups born to mothers
exposed to the shifting
procedure at E18 was
phase delayed by about 2 h
relative to the profile of
pups born to control
mothers (correlation coeffi-
cient R = 0.920, p < 0.001).

These data indicate that the fetal SCN did entrain
within 5 days after exposure of pregnant rats to the
shifting procedure at E18.

DISCUSSION

Our data demonstrate that exposure of pregnant
rats to a 6-h delay in the dark period induced a sig-
nificant phase delay in the profiles of c-fos and Avp
expression within the newborn pup’s SCN at P0-1 if
the shifting procedure was performed at E18, but not
at E20. The shifting procedure at E20 was, however,
able to phase-shift the profile of Perl and Per2 expres-
sion in pups at P3 and Pé.

The efficiency of the procedure for phase-shifting
the maternal SCN clock was proven by a noted phase
delay of locomotor activity as well as of profiles of
c-fos, Avp, Perl, and Per2 gene expression within the
SCN of adult rats. Locomotor activity recordings
revealed that exposure of adult rats to the shifting
procedure induced a significant phase delay within 3
days after shift. On the 3rd and 5th day after the shift-
ing procedure, profiles of c-fos and Avp, and Perl and
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et al., 1986), the running
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Figure 5. Effect of the shifting procedure on gene expression within the postnatal suprachiasmatic
nucleus (SCN) clock. Daily profiles of Per1 (A, C) and Per2 (B, D) mRNA were determined within
the SCN of rat pups at P3 (A, B) and P6 (C, D) born to control mothers (full circles) and those
exposed to the shifting procedure at gestational day 20 (open circles). For further details of the
experimental protocol, see Materials and Methods. Data represent mean values of 4 animals per

time point and SEM.

Per2, gene expression, respectively, within the SCN of
adult rats released into DD were significantly phase
delayed compared with the profiles of control rats.
Similarly, another study showed that profiles of Per1,
Per2, and Cryl expression in the mouse SCN were
phase delayed within 2 cycles after the mice were
exposed to a 6-h delay of the LD cycle and kept in a
new LD regimen (Reddy et al., 2002). The magnitude
of phase delays was larger, however, in mice held in
LD than in rats kept under DD conditions.
Nevertheless, our data clearly demonstrate that after
the shifting procedure and subsequent release of rats
into DD, the adult and hence also the most likely
maternal SCN was significantly phase delayed. The
delay was clearly detectable on the 3rd day after
the shift both at the locomotor activity as well as the
gene expression profile levels.

In newborn rat pups at PO-1, significant circadian
rhythms in c-fos and Avp expression were detected
(this study; Kovacikova et al., 2006, Leard et al.,
1994). Therefore, we used profiles of c-fos mRNA and
Avp hnRNA as phase markers of circadian rhythmic-
ity within the newborn SCN. At P3 and P6, we used
Per1 and Per2 mRNA profiles as phase markers of the
rhythmicity, as our recent studies have shown that

Reppert, 1989; Bellavia
et al., 2006), or the corticos-
terone rhythm after P28
(Honma et al., 1984). The
general outcome of the
studies was that the fetal
SCN was entrained by
maternal cues. However, in these reports, a relatively
long time elapsed between manipulation of pregnant
rats and the recording period, and, therefore, postna-
tal entraining cues might have also interfered. In the
fetal rat SCN, a rhythm in metabolic activity detected
by 2-deoxyglucose uptake was used to study mater-
nal entrainment (Reppert and Schwartz, 1984, 1986a).
Usually, 1 day time point and 1 night time point were
determined and significance of difference between
the 2 time points increased between E19 and E21
(Reppert and Schwartz, 1984). After complete surgi-
cal removal of the maternal SCN, the day-night dif-
ference was abolished (Reppert and Schwartz,
1986b). It was concluded that this resulted from a
desynchronization of the rhythms between individ-
ual fetuses rather than to loss of the fetal SCN rhyth-
micity. The maternal SCN was thus recognized as an
important component of maternal entrainment dur-
ing fetal development.

In the current study, we examined the impact of a
phase shift of an intact maternal SCN on the phase of
the newborn rat SCN. Exposure of mothers to a 6-h
delay of the dark period at E18 induced a significant
phase delay in the rhythms of c-fos and Avp expression
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in the SCN of newborn pups at PO-1. As pregnant rats
were released into DD immediately after the manipu-
lation and pups were born in darkness, the observed
phase shift in both gene expression profiles was
accomplished solely by nonphotic maternal cues dur-
ing the fetal development. This phase delay was simi-
lar to the phase shift observed in adult rats. However,
when the same shifting procedure was applied to
pregnant rats at E20, profiles of c-fos and Avp expres-
sion at P0-1 were not phase shifted. This result could
not be attributed to the possibility that the phase-shifting
of the maternal SCN had not completed within 3 days
(see above), nor to the possibility that the fetal SCN
was not sensitive to the shift, because a significant
delay in the Perl and Per2 expression profiles was
detected at P3 and at P6. Rather, it seems that the inter-
val elapsing between the maternal manipulation and
detection of the phase shift within the pup’s SCN is
important: 5 days were necessary for phase-shifting
the pup’s SCN clock by maternal cues, whether the
interval between E18 and PO-1 or the interval between
E20 and P3. In contrast, only 3 days were needed to
significantly phase-shift the adult and hence also
maternal SCN by photic cues. Our data thus support
the hypothesis that the maternal SCN is necessary for
entrainment of the fetal SCN clock. If entrainment of
the fetal SCN were mediated independently of the
maternal SCN, for example, via a direct effect of a cue
upon the fetal SCN, the maternal and fetal SCN would
shift at the same rate.

Our results show for the first time a maternal
entrainment of rhythms in clock gene expression at
such early developmental stages. In previous studies,
only about 2-h phase shifts of Perl and Per2 rhythms
were demonstrated at P6 in the SCN of blinded pups,
induced by nursing of the pups by foster mothers
synchronized to a reverse LD cycle. Between P6 and
P13, maternal cues were ineffective (Ohta et al.,
2002). The ability of maternal cues to entrain the
pup’s molecular clockwork thus decreases during
postnatal development. Maternal entrainment is
gradually replaced by developing photic entrain-
ment, which may be capable of overriding the mater-
nal cues after P6 (Duncan et al., 1986).

The most intriguing question that still remains is
what is the substrate that mediates the maternal
entrainment of the fetal SCN clock. In the rat SCN,
synchronized spontaneous rhythms in the SCN clock
gene expression had only begun to develop and the
rhythm in clock-controlled Avp gene expression was
not detectable by late fetal stages (Kovacikova et al.,
2006; Sladek et al., 2004). This might result from a

lack of intercellular communication between individ-
ual SCN neurons at fetal stages when the rate of
synaptogenesis was still very low. Indeed, the
increase in amplitude of clock gene expression
rhythms nicely paralleled synaptogenesis; the ampli-
tude achieved the adult-like magnitude only at P10
when synaptogenesis was completed. The data sug-
gest that only a small population of the SCN cells
may be spontaneously rhythmic during late fetal
stage. As synapses gradually maturate during early
postnatal development, more and more SCN cells
may become synchronized and rhythmic.
Alternatively, a minority of the SCN cells may
become rhythmic because they are selectively sensi-
tive to the cyclically appearing maternal SCN-
derived cues. These cues might, in turn, directly
drive the activity of these cells during fetal stages.
Later on, as synaptogenesis progresses, previously
insensitive cells may also become rhythmic, allowing
development of the autonomous SCN clock to pro-
ceed spontaneously. With the gradual development
of the autonomous clock, the original mechanism
that drove the rhythmicity might become redundant.
The developmental decline in sensitivity of the SCN
clock to maternal cues may favor the latter hypothe-
sis. To achieve more insight into the underlying
mechanisms, future studies should investigate the
nature of the maternal entraining cues and the phe-
notype of the rhythmic fetal SCN cells.
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Summary

The circadian system controls the timing of behavioral and
physiological functions in most organisms studied. The review
addresses the question of when and how the molecular
clockwork underlying circadian oscillations within the central
circadian clock in the suprachiasmatic nuclei of the hypothalamus
(SCN) and the peripheral circadian clocks develops during
ontogenesis. The current model of the molecular clockwork is
summarized. The central SCN clock is viewed as a complex
structure composed of a web of mutually synchronized individual
oscillators. The importance of development of both the
intracellular molecular clockwork as well as intercellular coupling
for development of the formal properties of the circadian SCN
clock is also highlighted. Recently, data has accumulated to
demonstrate that synchronized molecular oscillations in the
central and peripheral clocks develop gradually during
ontogenesis and development extends into postnatal period.
Synchronized molecular oscillations develop earlier in the SCN
than in the peripheral clocks. A hypothesis is suggested that the
immature clocks might be first driven by external entraining cues,
and therefore, serve as “slave” oscillators. During ontogenesis,
the clocks may gradually develop a complete set of molecular
interlocked oscillations, i.e., the molecular clockwork, and

become self-sustained clocks.
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Introduction

The circadian system has evolved as an
adaptation to cyclic changes in light and darkness due to
the Earth’s rotation that occurs within a period of solar
day, i.e., 24 hours. It ensures the proper timing of vital
studied thus far. In
mammals, the circadian system consists of a central clock

processes in most organisms

in the brain and numerous peripheral clocks that are
subordinate to the central clock. Via the molecular
clockwork in cells, the clocks generate circadian
rhythmicity, which controls bodily functions through
rhythmic regulation of gene transcription. The
rhythmicity is thus manifested at the behavioral as well as
at the physiological levels. The mammalian central clock
is strategically located in the suprachiasmatic nucleus
(SCN) of the ventral hypothalamus just above the optic
chiasm. It receives photic input from the retina, which
synchronizes it with the 24-h day. The SCN is a paired
organ, and each of the two nuclei is composed of about
10 000 mutually interconnected cells (for review see
Moore et al. 2002, Lee et al. 2003). The peripheral clocks
in mammals have lost their photosensitivity during
evolution. They are synchronized with the 24-h day
mostly via outputs from the central SCN clock, as well as
by their local environment (Hastings et al. 2003, Yoo et
al. 2004). The of the

mammalian circadian system has already been the subject

ontogenetic development
of an extensive review (Weinert 2005). This mini-review
mainly summarizes recent data that addresses the crucial
question of when and how the mammalian circadian
molecular clockwork develops during ontogenesis. Are
the central and peripheral clocks functional at the time of
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birth? Do they develop even earlier, i.e., during the fetal
stage? Data has recently accumulated to suggest that,
although mammalian circadian clocks are genetically
equipped to generate rhythmicity well before birth, they
undergo a gradual postnatal development in order to
function adequately.

The molecular clock within a single cell

Cells in the mammalian body are equipped with
a set of genes that are indispensable for circadian clock
function. The principles of circadian rhythmicity
generation have been partly ascertained at the molecular
level and are similar for the central and peripheral clocks.
The basic components of the clockwork are the clock
genes that encode clock proteins. Malfunction or absence
of the clock components render severe abnormalities in
circadian rhythmicity (Bae et al. 2001, van der Horst et
al. 1999, Zheng et al. 2001). The abnormalities may
range from lengthening or shortening of the circadian
period to complete arrhythmicity. A contemporary model
of the molecular core clockwork presumes that
rhythmical expression of clock genes and their proteins
drives the circadian clock in a cell-autonomic fashion (for
review see Fu and Lee 2003, Ko and Takahashi 2006,
Reppert and Weaver 2001). In principle, clock proteins
CLOCK and BMALI serve as transcriptional activators
that switch on the transcription of genes that contain E-
box response elements (CACGTQG) in their promoters.
Both of these proteins contain a basic helix-loop-helix
DNA-binding domain and two PAS (Per-Arnt-Sim)
protein interaction domains. E-boxes are present in the
promoters of the clock genes Perl,2 and Cryl,2 and two
orphan nuclear receptors Rev-erba and Rora, as well as in
the promoters of the clock-controlled genes, i.e., the
genes that are not part of the core clockwork, but are
controlled by it and thus transmit the rhythmical signal
outside of the clock. After the CLOCK:BMALI
heterodimer switches on transcription of Perl,2, Cryl,2
clock genes, the proteins corresponding to these genes are
formed with a clock protein-specific delay. The PER1,2
and CRY1,2 proteins accumulate in the cytoplasm and
form homo- and heterodimers via their PAS domains.
The dynamics of this checkpoint are controlled by post-
translational modifications of the clock proteins, mainly
by phosphorylation and subsequent proteasomal
degradation. PER protein phosphorylation by CASEIN
KINASE lg (CKle) and CKIS facilitates PER1 and PER2
ubiquitinylation and degradation and masks their nuclear

localization signals. Consequently, the entry of the
PER:CRY heterodimer into the nucleus is delayed (Lee et
al. 2001, Lowrey et al. 2000, Akashi et al. 2002). This
may be a crucial step for maintaining the circadian period
of the molecular clock. After entering the nucleus, the
PER:CRY  heterodimers inhibit CLOCK:BMALI1
mediated transcription, most likely by mechanisms
involving directed histone deacetylation and other
chromatin modification (Etchegaray et al. 2003). Later
on, PER:CRY repression is relieved by degradation of
PERs and CRYs. The rhythmical transcription of the
CLOCK:BMALI
controlled via circadian oscillations in the transcription of
clock gene Bmall. REV-ERBa and RORA compete to
bind to ROR-response elements in the Bmall promoter,

transcription activator complex is

and repress or activate its transcription, respectively
(Shearman et al. 2000, Preitner et al. 2002, Sato et al.
2004). These
transcriptional-translational feedback loops repeat with a

interlocked positive and negative
circadian period and thus form the basis for a self-
sustained circadian clock.

However, recent findings suggest that the core
clockwork mechanism might be much more complex and
the current model may represent only a part of the
complete system. It is plausible that not only more genes,
but even additonal mechanisms not considered in the
current feedback loop model, may be involved. For
example, miRNA, namely miR-219, has recently been
implicated in the regulation of the central circadian clock
(Cheng et al. 2007). miRNAs are small molecules that act
as potent silencers of gene expression via translational
repression of mRNA degradation. miR-219 is a target of
the CLOCK:BMALI1
circadian rhythms of expression as a clock-regulated

complex and exhibits robust

gene. Moreover, in vivo knock-down of miR-219
lengthens the circadian period in a manner similar to a
knock-out of the clock gene Clock. Translation control
via miRNAs may, therefore, represent a novel regulatory
level of the circadian clock. Another novel regulatory
mechanism might be based on the finding that bZIP
transcription factor E4BP4 is a key negative component
of the circadian clock (Ohno ef al. 2007). Moreover, three
recent reports confirmed the importance of targeted
protein degradation as a key feature of the circadian clock
(Siepka et al. 2007, Busino et al. 2007, Godinho et al.
2007). They revealed that the clock protein CRY is
targeted for degradation by a member of F box family of
ubiquitin E3 ligases, FBXL3. Overtime (Siepka et al.

2007) and after hours (Godinho et al. 2007) mutations
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both lie in the region of FBXL3 that binds to CRY. Due
to these mutations, binding of FBXL3 to CRY is
disrupted, CRY degradation is prevented and the duration
of its repressive function on clock gene activation is
prolonged. Therefore, mice with a targeted mutation of
FBXL3 have a longer circadian period than wild-type
mice. Although the mechanisms of the degradation
pathways have not been fully ascertained, targeted
degradation is likely to control not only the rate at which
clock protein complexes accumulate in the cytoplasm, but
also the rate of their degradation.

Although the basic principles of the core
clockwork seem to be conserved across the central and
peripheral clocks, they might not be absolutely identical.
In contrast to peripheral clocks, the central clock within
the SCN is formed of a web of inter-connected cell-
autonomous oscillators (see below). Recent data have
demonstrated that the inter-cellular clock mechanisms
may significantly contribute to the robustness of the clock
system (Liu et al 2007). The oscillator network
interactions in the SCN can partly compensate for Perl or
Cryl deficiency and preserve sustained rhythmicity in
behavior and in vitro in the SCN slices of Perl or Cryl
mutant mice. In contrast, Per!/ and Cryl genes are
implicitly required for sustained rhythms in peripheral
tissues, cells and dissociated SCN neurons (Liu et al.
2007). Therefore, a new model that is specific for the
central SCN clock is needed to incorporate the ability of
inter-cellular coupling among the SCN neurons to confer
the robustness of molecular oscillations.

SCN clock: a single cell oscillator or a web of
coupled oscillators?

To function properly as a master clock, the SCN
must not only be able to generate circadian oscillations,
but must also entrain the oscillations at single cell level to
cyclically occurring cues and transmit the synchronized
rhythmic information to the rest of the body. These tasks
are highly dependent upon inter-neuronal coupling within
the SCN. In the adult SCN, information regarding photic
entraining cues is first processed by a set of neurons
located in the retinorecipient zone of the SCN. In rodents,
this zone is called the ventrolateral (VL) part or the core
of the SCN. Thereafter, the information is sent via intra-
SCN coupling pathways to the non-photosensitive cells
located mostly within the dorsomedial (DM) part or the
shell of the SCN (Yamaguchi et al 2003, Yan and
Okamura 2002, Yan and Silver 2004, Yan et al. 1999).

Inter-cellular communication between clusters of SCN
cells has recently been considered to be important for
entrainment of the central clock to a change in day length,
i.e., in the photoperiod (Inagaki et al. 2007, VanderLeest
et al. 2007). The mechanism by which the coupling is
accomplished is not well understood. Several
mechanisms underlying the intercellular synchrony have
been considered, namely electrical coupling (Aton and
Herzog 2005) and coupling by neurotransmitters, such as
vasoactive intestinal polypeptide (VIP) (Harmar et al.
2002, Aton et al. 2005, Maywood et al. 2006) and
gamma aminobutyric acid (GABA) (Albus et al. 2005,
Aton et al. 2000).

Recent findings support the idea that inter-
cellular coupling is crucial not only for entrainment and
transmission of the synchronized output signals out of the
clock, but also for the time-keeping mechanism per se. In
particular, the VIP signaling through the VIPR2 receptor
has been shown not only to contribute to synchrony
between cells, but also to help maintain a robust
rhythmicity in individual SCN neurons. In Vip” and
Vipr2”" mice, the circadian firing rhythm was abolished
in about half of all SCN neurons (Aton et al. 2005).
Similarly, the rhythmicity was disrupted in cells within
the SCN organotypic slices from Vipr2” mice carrying
Perl::luciferase and Perl::GFP reporter transgenes as
reporters of activity within the core circadian feedback
loop (Maywood et al. 2006). Recently, it has been shown
that coupling between single cell SCN oscillators may
amplify and stabilize unstable component oscillators, and,
therefore, establish a more reliable rhythmicity at the
SCN and behavioral level (Liu et al. 2007, To et al.
2007). Thus, the coupling between individual rhythmic
cells is likely to contribute the autonomous time-keeping
mechanism and ensure stability of the central clock.

Development of the central SCN clock

From the data summarized above, it is obvious
that the adult central clock is not only a simple sum of
self-oscillating neurons, but is rather a well organized
entity. The multi-level organization includes coupling
between individual neurons as well as coupling between
the defined subdivisions of the nucleus. Therefore,
development of the central clock within the SCN
obviously does not depend only on the presence of
individual components of the molecular core clockwork
and the ability of single cells to oscillate, but also on
development of a hierarchical organization of the
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nucleus. Only maturation of the complex clock enables
the development of synchronized oscillatory signaling
from the central clock to the rest of the body. In this
context, data regarding the morphological development of
the mammalian SCN might be highly relevant.
Morphologically, the rodent SCN develops
gradually (Moore 1991). Gestational periods among
different differ and therefore, for
simplification, most of the further discussion relates to

rodent species
development of the rat SCN. In the rat, the prenatal
period lasts about 22 days. Neurogenesis of the SCN
begins on embryonic day (E) 14 and continues through
E17 from a specialized zone of the ventral diencephalic
germinal epithelium as a component of periventricular
cell groups. Neurons of the VL SCN are generated at E15
- E16 and those of the DM SCN at E16 - E17. The
neurogenesis is completed at E18, but the morphological
maturation of the SCN neurons gradually proceeds until
postnatal day (P) 10. Synaptogenesis in the SCN is a
slower process; at E19, only very sparse synapses may be
observed. It begins to progress only in the late prenatal
and early postnatal periods, and then increases noticeably
from P4 to P10 (Weinert 2005). Therefore, during the
prenatal period, the SCN neurons are present but the
multi-level inter-cellular coupling may not yet be
functional. The coupling strengthens during the first
postnatal week and, the rat SCN is fully developed to its
full complexity only at P10.

Intrinsic rhythms in the SCN may appear as
early as the late embryonic stage. A day-night variation in
metabolic activity monitored by a 2-deoxyglucose uptake
was detected in the fetal rat SCN from E19 through E21
(Reppert and Schwartz 1984), in the 4vp mRNA level at
E21 (Reppert and Uhl 1987) and in the firing rate of the
SCN neurons at E22 (Shibata and Moore 1987). All these
rhythms are supposed to be driven by the SCN clock in
adults, and the rodent fetal clock has therefore been
considered to be functionally developed well before birth.
However, direct evidence that the above mentioned fetal
SCN rhythms are indeed driven by the molecular core
clockwork is lacking. Alternatively, the observed
rhythmicity might arise from cyclically appearing
maternal cues, which impinge on fetal SCN neurons and
driving the oscillations in a “slave” oscillator-like
fashion. Such maternal “zeitgebers” might trigger the
rhythm in neuronal activity, as reflected in the rhythms in
firing rate and metabolic activity, as well as in gene
transcription, as is the case with the observed rhythm in
Avp mRNA levels. It is relevant to note that transcription

of Avp might be regulated not only by the clockwork via
activation of the E-box sequence in its promoter (Jin ef al.
1999), but also via activation of CRE (Iwasaki et al.
1997, Burbach et al. 2001) and AP1 (Burbach et al.
2001) elements by a non-clock-related mechanism.
Moreover, recent data using detection of heteronuclear
RNA as a nascent transcript, which is a more reliable
marker of transcriptional rate than detection of mRNA,
did not reveal any circadian rhythmicity in transcription
of the Avp gene in the rat SCN at E20. However, the
expression was rhythmic at P1 (Kovacikova et al. 2006).
A solution to the question of whether the central
clock is functional before birth might come from studies
on the development of the molecular core clockwork
mechanism. According to the current model described
above, the circadian rhythms in the levels of the clock
gene transcripts and protein products are essential for the
molecular timekeeping mechanism. Therefore, several
groups of researchers have measured the daily profiles of
clock gene expression in the rat SCN by in situ
hybridization, but outcome of these studies was
ambiguous. Ohta et al. reported high amplitude rhythms
of Perl and Per2 mRNA in the fetal rat SCN at E20
(Ohta et al. 2002, 2003). Other authors studied the daily
profiles of Perl, Per2, Cryl and Bmall mRNA at E19,
i.e., at the embryonic day when the fetal rat SCN is
already formed (Moore 1991) and the rhythm in
metabolic activity present (Reppert and Schwartz 1984).
However, none of the above-mentioned clock genes were
expressed rhythmically at that embryonic stage (Sladek et
al. 2004). Moreover, levels of clock gene proteins PER1,
PER2 and CRY1 not only did not exhibit any circadian
variation, but were in fact undetectable at E19 (Sladek et
al. 2004). These data suggest that at this stage of fetal
development, the SCN circadian clock might not be able
to generate synchronized oscillations. The same authors
performed a detailed developmental study and found that
at E20, some of the rhythms were just about beginning to
form, but the amplitude of rhythmicity was very low or
did not reach a significant level (Kovacikova ef al. 2006).
Rhythms in clock gene expression developed gradually
during the postnatal period, and adult-stage-like
amplitudes were achieved only at P10 (Kovacikova et al.
2006) (Fig 1).
equivalent to those observed in adults were not detected
in the fetal hamster SCN (Li and Davis 2005). In mice,
Shimomura et al. found a significant oscillation in Perl
but not in Per2 mRNA in the SCN at E17, and the

amplitude of the oscillations increased progressively with

Similarly, molecular oscillations
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postnatal age (Shimomura et al. 2001).

Using this approach, it was possible to study the
development of synchronized rhythmicity, but not the
development of single cell rhythmicity. Low amplitude
rhythms in clock gene expression might already be
present in individual SCN neurons, but they may not yet
be mutually synchronized due to insufficient synapses in
the embryonic SCN (Moore 1991). The increase in the
amplitude of the rhythms in clock gene expression
correlated well with synaptogenesis within the SCN.
Therefore, it is plausible that mutual synchronization of
the SCN neurons due to developing synapses may
account for the gradual rise in the amplitude of clock
gene oscillations. Theoretically, development of the
synapses might also be conditional for the oscillations.
Daily profiles of clock gene expression in the rat SCN at
E19 seem to support the idea of undeveloped molecular
oscillations in individual neurons rather than the idea of
fully developed but desynchronized oscillations, since
levels of constitutively expressed Perl, Cryl and Bmall
genes at E19 corresponded either to the minimum or
maximum, but not to the mean of their P3 wvalues.
Moreover, at E19, not only rhythms in clock gene mRNA
levels, but also protein products PER1, PER2 and CRY1
no PERI1, PER2 and
CRY limmunoreactive cells were detected in the fetal
SCN at any circadian time (Sladek et al. 2004). The
absence of the basic components of the molecular core

were undetectable. In fact,

clockwork is rather in favor of the hypothesis that the
mechanism enabling the rhythmic expression of clock
genes may not yet be mature at E19. However, the
possibility cannot be ruled out that only a very small
proportion of the SCN cells is rthythmic during the fetal
stage, and that the number of rhythmic cells increases due
to development of synaptic communication between these
rhythmic cells and the non-thythmic ones. The
methodological approach used in the above-mentioned
studies would not detect a very low oscillating signal,
which could potentially arise from a few SCN cells.

The use of newly introduced experimental tools,
such as transgenic animals, will be necessary for
addressing these issues in the future. In SCN slices
explanted from transgenic animals, it is possible to detect
rhythms in clock gene expression with a single cell
resolution. However, even in the case of detection of a
significant rhythm in clock gene expression at a single
cell level during the fetal stage, the question still remains
as to whether these rhythms are indeed reliable markers

of a functional circadian clock. If so, individual cellular

oscillators without any coupling must be able to drive
synchronized rhythmicity. However, such characteristics
have not been observed in in vitro cell lines that are
devoid of inter-cellular coupling like the fetal clock.
Without entraining cues, these cells are desynchronized
or arrhythmic. As soon as the cultured cells are subjected
to a “zeitgeber”, e.g., to serum shock, the cells become
synchronized and exhibit synchronized rhythmicity
(Balsalobre et al. 1998). Therefore, the question of
whether the fetal SCN cells are able to maintain
oscillations, or whether the oscillations would soon be
dampened in the isolated SCN may still remain. The
possibility that other mechanisms besides the molecular
clockwork might drive the SCN rhythmicity during late
embryonic development should be considered. For
example, maternal cues, such as dopamine or melatonin,
might directly trigger the fetal SCN rhythm in metabolic
activity (Davis and Mannion 1988, Weaver et al. 1995).
Complete lesions of the maternal SCN at E7 disrupt
rhythms in SCN glucose utilization in rat fetuses (Reppert
and Schwartz 1986). This disruption might be due to
desynchronization among the fetuses, but also might be
due to the lack of a rhythmical input to the slave fetal
clock. Strikingly, a periodic feeding cue delivered to
SCN-lesioned pregnant rats is sufficient to entrain the
fetal SCN clock (Weaver and Reppert 1989). The fetal
clock is therefore sensitive to feeding cues in a way
similar to adult peripheral clocks, but not the adult SCN
clock. These observations suggest that multiple and more
complex pathways mediate rhythmic information to the
fetal SCN clock as compared to the adult SCN clock.
They also indicate that formal properties of the fetal and
of the postnatal SCN clock may differ. Therefore, the
possibility cannot be excluded that during ontogenesis,
the SCN clock develops spontaneously from a slave
oscillator at the prenatal stage to a master clock at the
postnatal stage.

More strikingly, the restructuring of the slave
oscillator to the master clock may occur spontaneously
without entraining cues driven by the maternal SCN.
Surgical ablation of the maternal SCN did not prevent
development of the clock during the postnatal period
(Reppert and Schwartz 1986, Davis and Gorski 1988).
Moreover, genetic ablation of functional central as well
as peripheral maternal clocks did not prevent spontaneous
development of the clocks, since heterozygous off-spring
of mPerl® ™ /Per2® ! and mPer2® ™ /Cryl” double
mutant arrhythmic females crossed with wild-type males

developed circadian rhythm in locomotor activity.
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However, within a litter, pups were less synchronized
than pups born to wild-type controls (Jud and Albrecht
2006). Also, transplantation of fetal SCN tissue to
arrhythmic SCN-lesioned animals leads to a recovery in
the circadian rhythm of locomotor activity (Ralph ef al.
1990). Therefore, development of the circadian clock
appears to be genetically predetermined.

Peripheral clocks during ontogenesis

Studies on the development of peripheral clocks
have only recently commenced after the finding that
rhythms in clock gene expression are detectable in cells
of the peripheral organs, and are therefore not unique to
the central SCN clock (Abe et al. 2001, Balsalobre 2002,
Schibler and Sassone-Corsi 2002). Two methodological
approaches for these studies were used. In the first
approach, daily profiles of clock gene expression within a
peripheral tissue sampled throughout the circadian cycle
were examined. In the rat heart, circadian rhythms in the
expression of clock genes Perl, Per2 and Bmall and a
clock-controlled gene Dbp were not detected by Northern
blot analysis on P2 (Sakamoto et al. 2002). Expression of
Perl, Bmall and Dbp began to be rhythmic between P2
and PS5, but expression of Per? did not exhibit any
rhythmicity until P14. Similarly, in the rat liver, clock
gene expression as determined by RT-PCR developed
gradually during postnatal ontogenesis (Sladek ef al.
2004) (Fig.1). At E20, only Rev-erbo. mRNA exhibited a
significant, high amplitude circadian oscillation, but the
expression of Perl, Per2, Cryl, Bmall and Clock mRNA
did not. Even at P2, Rev-erba was still the only gene
expressed rhythmically with high amplitude. At P10 Perl
mRNA and at P20 Per2 and Bmall also began to be
expressed in a circadian way. Only as late as at P30, all of
the studied clock genes were expressed rhythmically in
an adult-like pattern (Sladek et al. 2004). Development of
the molecular oscillations in the liver was therefore
similar to that in the heart. Apparently, rhythms in
synchronized clock gene expression develop earlier in the
central SCN clock (see above) than in peripheral
oscillators. The stable detection of the high-amplitude
rhythm in Rev-erba expression throughout ontogenesis
rules out the possibility that the lack of rhythmicity in the
early development is due to desynchronization of
oscillating cells in the liver. Unlike the SCN clock cells,
the peripheral oscillating cells are not mutually
interconnected via synapses and are likely to be
synchronized by rhythmic humoral or neuronal cues

liver

Rev-erba

E20

P2

P10

P30

AD

Fig. 1. Schematic drawings of development of the circadian
clocks in the rat. Daily profiles of clock gene Peri and Bmal!
mRNA in the SCN and Per! and Rev-erba in the liver are depicted
in 20-day-old embryos (E20), in pups at postnatal day 2 (P2),
P10, P30 and in adult rats. X axis represents day time with the
shaded area defining night hours. Y axis represents relative
mRNA levels. Drawings are based on results published previously
in Sladek et a/. (2004), Kovacikova et al. (2006) and Sladek et al.
(2007).

impinging upon individual cells. The significant rhythm
in Rev-erba expression in the absence of rhythms in other
clock genes during ontogenesis may give us clues
regarding the mechanism that underlies peripheral clock
development. During an early developmental stage,
rhythmic expression of Rev-erbo might be triggered by
mechanisms other than E-box mediated induction. Apart
from the E-box, the Rev-erba promoter contains other
response elements that may be responsible for switching
on/off gene transcription, namely Rev-DR2/RORE,
DBPE/D-box etc. (Adelmant et al. 1996, Raspe et al.
2002, Yamamoto et al. 2004).
appearing mediators may activate transcription of Rev-

The rhythmically
erba by stimulation of some of these elements
independently of the core clockwork. Moreover, it is
tempting to speculate that the rhythmic expression of
Rev-erbo. might trigger the newly appearing rhythms in
clock gene expression, since a constant phase relationship
between rhythms in the expression of Rev-erba and other
clock genes is maintained during different developmental
(Sladek et al. 2004) (Fig.1).
theoretically, a peripheral clock may function as a slave

stages Therefore,
oscillator during early ontogenesis, and may only later,
with the development of clock gene oscillations, become
a self-autonomous clock.

Importantly, phases of the rhythms in clock gene
expression in the liver (Sladek et al. 2007) as well as in the
heart (Sakamoto et al. 2002) change during development.
The acrophase of these rhythms shifts in a coordinated
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manner so that the expressions of individual clock genes
keep stable phase relationships throughout development
(Fig.1). Feeding regimes accompanied by behavioral
activity may account for these phase changes. Mothers
feed their pups mostly during the daytime; therefore,
during the period of maternal breast feeding, pups are
diurnal rather than nocturnal in their food consumption
(Weinert 2005). The nocturnal feeding pattern develops
during the weaning period, but it is preceded by a period
when pups still suckle some maternal milk during the
daytime and consume solid food during the nighttime.
These changes in feeding behavior appear to be mirrored in
changing phases of the rhythms in clock gene expression.
Recently, another approach was used for
studying the ontogenesis of oscillations in clock gene
expression (Saxena et al. 2007). In vivo rhythms in
bioluminiscence were monitored in utero in the fetuses of
transgenic rats carrying Perl::luciferase transgene
throughout the whole gestational period (Saxena et al.
2007). The bioluminiscence increased dramatically at
E10 and continued to increase progressively until birth.
Diurnal fluctuations in Per/ expression in the whole body
were already suggested prior to birth. From this study, it
is not apparent which parts of the fetal body might
account for the whole-fetal bioluminiscence recorded in
vivo or for the suggested day-night differences observed.
It is possible that some peripheral clocks may start to
exhibit circadian rhythms in Per/ expression before birth.
Tissue-specific differences in the development of

molecular oscillations in peripheral clocks are suggested.
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Abstract

The molecular mechanism underlying circadian rhythmicity within the suprachiasmatic nuclei (SCN) of the hypothalamus has two
light-sensitive components, namely the clock genes Per1 and Per2. Besides, light induces the immediate-early gene c-fos. In adult
rats, expression of all three genes is induced by light administered during the subjective night but not subjective day. The aim of the
present study was to ascertain when and where within the SCN the photic sensitivity of Per1, Per2 and c-fos develops during early
postnatal ontogenesis. The specific aim was to find out when the circadian clock starts to gate photic sensitivity. The effect of a light
pulse administered during either the subjective day or the first or second part of the subjective night on gene expression within the rat
SCN was determined at postnatal days (P) 1, 3, 5 and 10. Per1, Per2 and c-fos mRNA levels were assessed 30 min, 1 and 2 h after
the start of each light pulse by in situ hybridization histochemistry. Expression of Per? and c-fos was light responsive from P1, and the
responses began to be gated by the circadian clock at P3 and P10, respectively. Expression of Per2 was only slightly light responsive
at P3, and the response was not fully gated until P5. These data demonstrate that the light sensitivity of the circadian clock develops
gradually during postnatal ontogenesis before the circadian clock starts to control the response. The photoinduction of the clock gene

Per2 develops later than that of Per1.

Introduction

In a non-periodic environment, many behavioural, physiological and
molecular events in mammals exhibit self-sustained rhythms with a
period close to 24 h. These circadian rhythms are driven by a master
circadian pacemaker that resides in the suprachiasmatic nuclei (SCN)
of the hypothalamus (Ralph et al., 1989; Klein et al., 1991; LeSauter
et al., 1996). The SCN circadian rhythmicity is generated by a system
of interconnected transcriptional—translational feedback loops com-
posed of clock genes and their protein products (reviewed in Ko &
Takahashi, 2006). Light entrains circadian rhythms to the period of
the solar day, i.e. exactly 24 h, via resetting the phase of the circadian
pacemaker (Daan & Pittendridgh, 1976). Exposure to light during the
first part of the subjective night delays and during the second part
advances the phase of circadian rhythms. During the subjective day,
light does not affect the circadian phase. This gating of light
sensitivity to the specific time of day represents a formal property of
the circadian clock itself that enables the entrainment of the
endogenous rhythms to a light-dark cycle (Klein et al., 1991). The
mechanism by which light entrains the circadian clock has not yet
been fully elucidated. At a molecular level, the phase-shifting effect of
light correlates with the induction of expression of the clock genes
Perl and Per2 within the SCN (Shigeyoshi et al., 1997; Albrecht
et al.,2001). In the adult rat SCN, Per] expression is sensitive to light
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during the subjective night, when the level of the endogenously
expressed Perl is low, but not during the subjective day, when the
endogenous Perl expression is high (Shearman et al, 1997).
Expression of Per2 appears to be sensitive to light only during the
early subjective night when endogenous Per2 mRNA levels decline
(Yan et al., 1999; Miyake et al., 2000). Spontaneous Per! and Per?2
expression exhibit circadian rhythms mostly in the dorsomedial part
of the SCN (dmSCN), the site of the self-sustained circadian
rhythmicity. In contrast, photoinduction of Per/ occurs within the
ventrolateral part of the SCN (VISCN; Yan & Okamura, 2002; Yan &
Silver, 2004), where the retinohypothalamic tract (RHT) that conveys
photic information from the retina terminates (Johnson et al., 1988).
Apart from the clock genes, the expression of the immediate-early
gene c¢-fos within the vISCN is induced by phase-shifting light pulses
(Aronin et al., 1990; Rusak et al., 1990). Though c-fos does not
participate in the core clockwork mechanism and its role in the photic
entrainment pathway has not been proven, the SCN clock precisely
gates its induction in the VISCN so that it occurs only at the time
when the intrinsic clock rhythmicity is reset by photic stimuli
(Jelinkova et al., 2000). All of these data suggest that the VISCN is
responsible for the entrainment of the circadian clock by light.

The mammalian circadian system matures gradually during onto-
genesis (for a review, see Weinert, 2005). In the rat, the prenatal period
lasts about 22 days, and neurogenesis within the SCN is completed
roughly 5 days before birth (Moore, 1991). Synaptogenesis within the
SCN develops during the late prenatal and early postnatal periods,
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increasing rapidly from postnatal day (P) 4 to P10 (Moore & Bernstein,
1989). The SCN begins to be innervated by the RHT at P1, and the
connections reach their adult levels near P10 (Speh & Moore, 1993).
Although the eyes open at about P15, light already induces the
expression of c-fos within the SCN at P1 (Leard er al, 1994).
Light sensitivity develops further gradually between P3 and P10
(Bendova et al., 2004). The spontaneous expression of the clock genes
Perl and Per2 is detectable within the rat SCN before birth, but the
mRNA levels of these genes do not exhibit pronounced circadian
rhythms (Sladek et al., 2004). Low-amplitude circadian rhythms of
Perl and Per2 expression are detectable by P1 and P2, respectively
(Kovacikova et al., 2006). The rthythms then mature gradually during
early postnatal ontogenesis with increases in their amplitudes (Sladek
et al., 2004).

While ontogenesis of the light-induced expression of ¢-fos has been
studied in rats (Weaver & Reppert, 1995; Bendova et al., 2004) as well
as other species, it is not yet known when during ontogenesis light
begins to induce Per! and Per2 expression within the SCN. Therefore,
the aim of this study was to elucidate when and where within the rat
SCN the photic sensitivity of Per/ and Per2 develops during the early
postnatal ontogenesis and compare it with development of c-fos
photoinduction. The specific aim was to uncover when the circadian
clock begins to gate the sensitivity to light and, therefore, when it
likely begins to be entrained by photic cues.

Materials and methods
Animals

Male and female Wistar rats (BioTest s.r.o.; Konarovice, Czech
Republic) were maintained under a light-dark regime with 12 h of
light and 12 h of darkness per day (LD12 : 12) at a temperature of
23 + 2°C with free access to the food and water. Light was provided
by overhead 40-W fluorescent tubes, and illumination was between 50
and 200 lux, depending on the cage position. Animals were
maintained at LD12 : 12 for at least 4 weeks before mating. The
day of delivery was designated as PO.

All experiments were conducted under license no A5228-01 with the
U.S. National Institutes of Health, and in accordance with Animal
Protection Law of the Czech Republic (license no. 42084,/2003-1020).

Experimental protocol

Female rats with their pups were released into constant darkness at the
time of dark to light transition (designated as circadian time 0; CTO0)
on P1, P3, P5 or P10. During the first cycle in darkness, experimental
groups of pups were exposed to a 30-min light pulse (700 lux) at either
CT7 (i.e. during subjective day), CT15 (i.e. during the first part of
subjective night) or CT21 (i.e. during the second part of subjective
night); control groups were left untreated in darkness. Pups from both
groups were subjected to maternal deprivation from the beginning of
the light pulse in experimental animals until the time of decapitation
and rapid tissue sampling at 30 min, 1 h and 2 h after the start of each
light pulse. At each of these time points, four to eight animals from the
light-pulsed group and four control animals were sampled. Whole
heads (at P1, P3 and P5) or brains (at P10) were immediately frozen
on dry ice and stored at —80°C.

Adult male Wistar rats were exposed to light pulses and sampled
using the experimental schedule described above. Three (occasionally
four) experimental and control animals at each time point were deeply
anaesthetized by intraperitoneal injection of thiopental (Valeant Czech
Pharma s.r.o., Praha, Czech Republic; 50 mg/kg) and decapitated.
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Brains were removed, immediately frozen on dry ice and stored at
—80°C.

Whole heads or brains were sectioned into series of 12-um-thick
coronal slices in an alternating order throughout the rostral-caudal
extent of the SCN. Levels of rPerl, rPer2 and c-fos mRNA were
assessed by in situ hybridization. To delineate the position of the dm-
part within the developing SCN, expression of arginin—vasopressin
(rAVP) hnRNA was detected in a few sections from control animals at
P1, P3, P5 and P10 (see Dardente et al., 2002; Hamada et al., 2004).
The position of the vl-part of the developing SCN was delineated
according to the area of c-fos expression in sections from light-pulsed
animals at P1, P3, P5 and P10.

In situ hybridization histochemistry

The cDNA fragments of rat #Perl (980 bp; corresponds to nucleotides
581-1561 of the sequence in GenBank accession no AB002108), rat
rPer2 (1512 bp; corresponds to nucleotides 369-1881 of the sequence
in GenBank accession no NM031678), rat c-fos (1160 bp; corresponds
to nucleotides 141-1300 of the sequence in GenBank accession no
X06769) and rat rAVP (506 bp; corresponds to nucleotides 796—1302
of the intronic sequence in GenBank accession no. X01637) were used
as templates for in vitro transcription of complementary RNA probes
(T7, T3 or SP6 MAXIscript kit, Applied Biosystems/Ambion, Austin,
TX, USA). The rPerl and rPer2 fragment-containing vectors were
generously donated by Professor H. Okamura (Kobe University
School of Medicine, Japan). The rat c-fos fragment-containing vector
(originally cloned by Dr Tom Curran from Children’s Hospital of
Philadelphia, PA, USA) was generously donated by Professor
W. J. Schwartz (University of Massachusetts Medical School,
Worcester, MA, USA). The whole ¢cDNA was recloned into a
pBluescript SK vector (Stratagene, La Jolla, CA, USA) in our
laboratory. The rAVP fragment-containing vector was cloned in our
laboratory (Kovacikova et al, 2006). Probes were labelled by
«-*S-UTP (MP Biomedicals, Irvine, CA, USA) and purified using
Chroma-Spin  100-DEPC H20 columns (Clontech Laboratories,
Mountain View, USA). In situ hybridization was performed as
described previously (Shearman et al., 2000; Sladek et al., 2004).
Briefly, sections were hybridized for 21 h at 60°C. Following a post-
hybridization wash, the sections were dehydrated in ethanol and dried.
Finally, the slides were exposed to a BioMax MR film (Kodak) for
10 days (rPerl, rPer2), 12 days (rAVP) or 14 days (c-fos), and the film
was developed in film processor Optimax (PROTEC GmbH, Ober-
stenfeld, Germany) using AdefoMix and AdefoFix solutions (ADEFO-
CHEMIE GmbH, Dietzenbach, Germany). For each gene, sections of
the SCN from pups of the same age were hybridized with the same
probe and processed simultaneously under identical conditions.

Film autoradiographs of sections were analysed by an image
analysis system ImagePro (Olympus, New Hyde Park, NY, USA) to
detect the relative optical density (OD) of the specific hybridization
signal in the SCN. In each animal, the mRNA level was quantified
bilaterally at the mid-caudal SCN section containing the strongest
hybridization signal. Each measurement was corrected for non-specific
background by subtracting the OD values from neighbouring areas
expected to be free of specific signal and thus serving as their own
internal standard. The OD value for each animal was calculated as the
mean of the left and right SCN relative OD values.

To differentiate spatial distribution of the mRNA signal within the
SCN, slides from three light-pulsed and three control animals for each
time point were dipped in autoradiographic emulsion LM-1 (Amer-
sham Biosciences, Piscataway, NJ, USA). After 6 weeks of exposure,
the slides were developed using the developer Fomatol LQN and fixer
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FOMAFIX (FOMA, Hradec Kralové, Czech Republic) and mounted
for optical microscopy. Representative pictures of emulsion autora-
diographs were taken using a digital Olympus DP70 camera
(Olympus, New Hyde Park, NY, USA) connected to an Olympus
Ax-70 microscope (Olympus). For delineating the position and shape
of the SCN on brain sections from pups at P1, P3, P5 and P10, and for
comparison with the signal area on the autoradiographic film and/or
emulsion, parallel sections were counterstained with Cresyl violet. The
intensity of the signal may depend on the thickness of the emulsion,
which may vary slightly across the slides. Therefore, the results from
emulsion autoradiography were used only for spatial resolution of the
signal and not for quantification of the signal intensity.

Statistical analysis

Mean values of relative OD from control and experimental animals
were compared at each time point using a #-test. Data were expressed
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as the percentage of the highest mean value + SEM. For Perl, Per2
and c-fos mRNA expression at P1, data from two independent
experiments were converted into the percentage of the highest mean
value, pooled and analysed with a #-test.

Results

Light sensitivity of Per1, Per2 and c-fos expression within the
SCN of rat pups and adult animals

First, we investigated the effect of a 30-min light pulse delivered at
CT7 (i.e. during the subjective day), CT15 or CT21 (i.e. during the
first or second part of the subjective night) on the expression of
the clock genes Perl and Per2 and immediate-early gene c-fos within
the SCN of both rat pups at P1, P3, PS5 and P10 and adult animals. To
reveal the dynamics of the photic response, the expression of each
gene was detected 30 min, 1 h and 2 h after the beginning of the light
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FiG. 1. Effect of light pulses on Per/ mRNA within the SCN of rat pups at P1, 3, 5 and 10. Rat pups at (A) P1, (B) P3, (C) P5 and (D) P10 were released into
constant darkness and exposed to a 30-min light pulse (700 lux) during the subjective day (CT7) or first (CT15) or second (CT21) part of the subjective night.
Control pups were left in darkness. Levels of Per/ mRNA within the SCN of control (dark columns) and light-pulsed (open columns) animals were assessed by
in situ hybridization histochemistry. The mRNA levels were measured 30 min, 1 h and 2 h after the start of each light pulse (depicted by three couples of control-
pulsed/dark-open columns for CT7, CT15 and CT21). The levels of mRNA were determined as the relative OD of the signal in the SCN region measured on
autoradiographic film. Data were expressed as the percentage of the maximum OD value. Each column represents the mean of six to eight (at P1) or four
(occasionally three; at P3, P5 and P10) animals = SEM. *P < 0.05; **P < 0.01; ***P < 0.001 (z-test). Time is expressed as circadian time (CT), where CT12
corresponds to the time of the previous lights-off and CT24 corresponds to the time of the previous lights-on.
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pulse and compared with expression in controls sampled in darkness at
the corresponding CT.

At P1, the levels of Perl mRNA (Fig. 1A) increased significantly
above the corresponding control levels following light pulses deliv-
ered at CT7 (CT7.5: t;; = =2.97, P=10.0127; CT8: #3 = —4.29,
P =0.0009), CT15 (CT16: t;, =-3.82, P=0.0024; CTI17: t;, =
—2.47, P=0.0294) and CT21 (CT21.5: ;3 = —3.46, P =0.0042;
CT22: t14 = =3.61, P =0.0028; CT23: t;4, = —3.83, P = 0.0018). At
P3 (Fig. 1B), PS5 (Fig. 1C) and P10 (Fig. 1D), Perl mRNA levels
increased significantly above control levels following light pulses
administered at CT15 and CT21, but not CT7, and the response
occurred as early as 30 min after the beginning of each light pulse: the
levels of Perl mRNA increased at P3 (CT15.5: ¢ = -3.06,
P =0.0282; CT16: t, = =5.49, P = 0.0015; CT21.5: t, = =5.79, P =

0.0012; CT22: tg=-2.63, P=0.0388; CT23: t,=-3.04,
P =0.0227), PS (CT15.5: tc=-4.84, P=0.0029; CTI16: t5=
-3.15, P=0.0199; CTI17: ts=-737, P=0.0007; CT21.5:
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ts = =3.68, P=10.0143; CT22: ¢, = -3.24, P=0.0177; CT23: t5 =
—5.54, P = 0.0026) and P10 (CT15.5: t4 = —4.83, P = 0.0084; CT16:
ty ==7.29, P=0.0019; CT17: tc = =3.77, P = 0.0092; CT21.5: t, =
-22.27, P=0.0001; CT22: t,=-16.23, P=0.0001; CT23:
ts = —6.55, P = 0.0012).

For Per2 mRNA levels at P1 (Fig. 2A), no statistical differences
between the control groups and pups exposed to light pulses at CT7,
CT15 and CT21 were detected. At P3 (Fig. 2B), Per2 mRNA levels
increased only 1 h (f=-3.32, P=0.0161) and 2 h (tcx = —5.05,
P =0.0023) after the beginning of a light pulse administered at CT21,
whereas the administration of light pulses at CT7 and CT15 did not
increase significantly Per2 mRNA levels. At P5 (Fig. 2C), Per2
mRNA levels increased following light pulses administered at CT15
(CT16: t, = —6.68, P = 0.0005; CT17: ts = —10.39, P = 0.0001) and
CT21 (CT22: ts = =2.81, P = 0.0374; CT23: t, = —4.46, P = 0.0043),
but a low induction 2 h after the light pulse at CT7 was also detected
(te = =3.05, P =0.0224). At P10 (Fig. 2D), levels of Per2 mRNA
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FIG. 2. Effect of light pulses on Per2 mRNA within the SCN of rat pups at P1, 3, 5 and 10. Rat pups at (A) P1, (B) P3, (C) P5 and (D) P10 were released into
constant darkness and exposed to a 30-min light pulse (700 lux) during the subjective day (CT7) or first (CT15) or second (CT21) part of the subjective night.
Control pups were left in darkness. Levels of Per2 mRNA within the SCN of control (dark columns) and light-pulsed (open columns) animals were assessed by
in situ hybridization histochemistry. The mRNA levels were measured 30 min, 1 h and 2 h after the start of each light pulse (depicted by three couples of control-
pulsed/dark-open columns for CT7, CT15 and CT21). The levels of mRNA were determined as the relative OD of the signal in the SCN region measured on
autoradiographic film. Data were expressed as the percentage of the maximum OD value. Each column represents the mean of six to eight (at P1) or four
(occasionally three; at P3, P5 and P10) animals + SEM. *P < 0.05; **P < 0.01; ***P < 0.001 (r-test). Time is expressed as circadian time (CT), where CT12
corresponds to the time of the previous lights-off and CT24 corresponds to the time of the previous lights-on.
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increased significantly above control levels following light pulses
administered at CT15 (CT16: # =-6.33, P=0.0032; CT17:
ts =-11.21, P=0.0001) and CT21 (CT21.5: t,=-542, P=
0.0016; CT22: t,=-11.33, P=10.0001; CT23: t5=-7.83, P=
0.0005), but not CT7.

Similarly to Perl, the levels of c-fos mRNA at Pl (Fig. 3A)
increased significantly above the corresponding control levels follow-
ing light pulses delivered at CT7 (CT7.5: #;5 = =3.09, P = 0.0087;
CT8: t13 = =5.93, P = 0.0001; CT9: #;3 = =2.89, P = 0.0126), CT15
(CT15.5: tj4 = —=11.87, P = 0.0001; CT16: t;3 = —13.87, P = 0.0001;
CT17: t;, = =5.07, P = 0.0003) and CT21 (CT21.5: t;, = =6.10, P =
0.0001; CT22: t,=-691, P=0.0001; CT23: #4=-2.88,
P =10.0121). At P3 (Fig. 3B), P5 (Fig. 3C) and P10 (Fig. 3D), c-fos
mRNA levels increased significantly above control levels after
the light pulses administered at CT15 and CT21, but not CT7: the
levels of c-fos mRNA increased at P3 (CT15.5: t5 = —15.04, P=
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0.0001; CTI16: ¢ =-1521, P=0.0001; CT17: ts=-57.72,
P =0.0006; CT21.5: t, = —13.78, P = 0.00001; CT22: t, = —16.76,
P=0.0001; CT23: # =-14.58, P=0.0001), P5 (CTI5.5: # =
-26.68, P= 0.0001; CTI16: t,=-3439, P=0.0001; CTI7:
ts = =3.76, P =0.01312; CT21.5: t5 = —-26.84, P =0.0001; CT22:
ts = —4.09, P=0.0094; CT23: t, = -10.95, P =0.0001) and P10
(CT15.5: ts = —18.48, P=0.0001; CT16: ts = —10.08, P = 0.0002;
CT17: ts=-5.99, P=0.0019; CT21.5: t,=-16.61, P =0.0001;
CT22: t,=-24.09, P=0.0001; CT23: t5=-6.33, P=0.0015).
While Perl and Per2 mRNA levels after the nighttime light pulses
increased to levels roughly as high as endogenous daytime levels (with
the exception of Per2 photoinduction at CT21), c-fos mRNA levels
remarkably exceeded the elevated daytime levels. From visual
comparison between the developmental stages (Figs 1-3) it appears
that the circadian clock starts to gate its photosensitivity gradually. The
light-induced responses within the SCN at P1 were either not gated by
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Fi1G. 3. Effect of light pulses on c-fos mRNA within the SCN of rat pups at P1, 3, 5 and 10. Rat pups at (A) P1, (B) P3, (C) P5 and (D) P10 were released into
constant darkness and exposed to a 30-min light pulse (700 lux) during the subjective day (CT7) or first (CT15) or second (CT21) part of the subjective night.
Control pups were left in darkness. Levels of ¢-fos mRNA within the SCN of control (dark columns) and light-pulsed (open columns) animals were assessed by in
situ hybridization histochemistry. The mRNA levels were measured 30 min, 1 h and 2 h after the start of each light pulse (depicted by three couples of control-
pulsed/dark-open columns for CT7, CT15 and CT21). The levels of mRNA were determined as the relative OD of the signal in the SCN region measured on
autoradiographic film. Data were expressed as the percentage of the maximum OD value. Each column represents the mean of six to eight (at P1) or four
(occasionally three; at P3, PS5 and P10) animals = SEM. *P < 0.05; **P < 0.01; ***P < 0.001 (#test). Time is expressed as circadian time (CT), where CT12
corresponds to the time of the previous lights-off and CT24 corresponds to the time of the previous lights-on.
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the circadian clock (Perl and c-fos) or were not yet significant A 120
(Per2). At P3, light induced Perl and c-fos expression only during *

subjective night but not during subjective day. Therefore, the response e 1— * * I
to photic stimuli seems to be already gated by the circadian clock. 100 T I
However, the expression of Per2 was still only marginally sensitive . I T

to light at this developmental stage. At PS5, the response of all 80 - A il 5 T I
examined genes to light pulses was restricted mostly to the X B I
subjective night; following the daytime light pulse, only marginal g 60

responses were detected. Hence, the circadian clock gates the photic -

response in gene expression at P5, but the gating mechanism may not °

yet be completely precise at this developmental stage. At P10, the 40
response of gene expression to light pulses occurred only during
the subjective night but not during the subjective day. Therefore, it
was completely gated by the circadian clock.

For comparison with the above-mentioned data, the sensitivity of
gene expression to photic stimuli was determined within the SCN of 0 L L ' '
adult rats. Levels of Per! (Fig. 4A) and c-fos (Fig. 4C) mRNA were 758 9 1551617 21,522 23
induced by a light pulse administered at CT15 and CT21, but not at CT (h)

CT7. For Per] mRNA, the levels increased significantly above the

control levels at CT15.5 (¢t = —3.11, P = 0.0208), CT16 (4 = —3.25,

P =0.0314), CT17 (5 =-3.13, P=0.0261), CT21.5 (t4 = —4.79, B 120
P =0.0087) and CT22 (z, = —3.08, P = 0.0367). For c-fos mRNA, the

levels increased significantly at CT15.5 (¢ = —10.40, P = 0.0001),

CTI6 (14 = -2.99, P=0.0404), CTI7 (i3 =—4.71, P=0.0092), 100 1l
CT21.5 (t4=-4.84, P=0.0084) and CT22 (t,=-10.18, P= I

0.0005). Light-induced Perl mRNA levels corresponded roughly to 80 - ‘-[

N
o
1

high endogenous daytime levels, whereas photoinduced c¢-fos mRNA
levels significantly exceeded the highest daytime levels. Per2
expression (Fig. 4B) was induced significantly 2 h after the light
pulse administered at CT15 (CT17: 3 = =5.37, P = 0.0126), but it
reached only control levels 1 h earlier. Slight Per2 photoinduction was 40
also suggested 30 min and 1 h after the light pulse at CT21, but the

rise in Per2 mRNA levels was not significant in comparison to control 20 -
levels. Light pulse administered at CT7 did not affect significantly
Per2 mRNA levels. These data demonstrate that Per/, Per2 and c-fos
gene expression in the adult SCN are induced by light pulses 0 ' LT R
administered during the subjective night but not subjective day. 758 9 15,516 17 21,522 23
Therefore, the response to light is fully gated by the circadian clock. In CT (h)

our experiments, photoinduction of Per/ differed from that of Per2

not only in the timing but also in the magnitude of the response.
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F1G. 4. Effect of light pulses on levels of Perl, Per2 and c-fos mRNA within
the SCN of adult rats. Adult male Wistar rats were released into constant
darkness, and either left in darkness (controls; dark columns) or exposed to a 40 -
30-min light pulse during the subjective day (CT7) or first (CT15) or second

(CT21) part of the subjective night, and sampled 30 min, 1 h and 2 h later 20
(open columns). Levels of (A) Perl, (B) Per2 and (C) c-fos within the SCN

were assessed by in situ hybridization histochemistry. The levels of mRNA

were determined as the relative OD of the signal in the SCN region measured 0
on autoradiographic film. Data were converted to the percentage of the

maximum OD value. Each column represents the mean of three (occasionally 7,5 8 9 15,51 617 21 ,522 23
four or two) values = SEM. *P < 0.05; **P < 0.01; ***P < 0.001 (#-test). For

further details, see the legend of Fig. 1. CT, circadian time. CT (h)
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covered by an autoradiographic emulsion and developed 6 weeks
later. To delineate the dmSCN region, the endogenous expression of
Avp hnRNA was assessed on some slices from control pups. The
VISCN region was characterized as the area of c-fos photoinduction in
pups at the same developmental stage. Emulsion autoradiography
revealed that Avp hnRNA was detected at P1 in only a few cells and,
therefore, the dmSCN region could not be delineated using this
approach at such an early age (data not shown). At P3, P5 and P10, the
Avp hnRNA signal was localized within the dmSCN and could thus be
used for characterization of the dmSCN region at these developmental
stages. Figure 5 depicts representative autoradiographs with Avp
hnRNA and c-fos mRNA signal within the SCN at P3 and P10.

The distribution of endogenous Perl mRNA (Fig. 6, control)
changed during development. At P1, the signal overlapped the entire
area of the SCN. At P3, P5 and P10, spontaneous Per/ expression
prevailed primarily within the dmSCN. The administration of light
pulses (Fig. 6, pulse) induced Per/ mRNA mostly within the vISCN.
An exception to this trend occurred at P1 after a light pulse at CT7
(Fig. 6A), when Perl expression was induced within the whole SCN
30 min and 1 h after the light pulse. Light pulses administered during
the subjective night (Fig. 6B and C) induced Per/ mRNA levels
within a thin layer at the ventral border of the SCN at P1, and the area
of photoinduced signal expanded gradually with age. At P10, this area
already resembled the adult vISCN pattern.

The distribution of endogenously expressed Per2 mRNA (Fig. 7,
control) at P1, P3, P5 and P10 prevailed primarily within the dmSCN.
Light pulse administered at CT7 (Fig. 7A) did not affect the intensity
or distribution of the autoradiographic signals in comparison to
controls at any of the studied developmental stages. Similarly,
administration of a light pulse at CT15 (Fig. 7B) and CT21
(Fig. 7C) at P1 did not affect the intensity and distribution of the
signal. At P3, the intensity of the signal after a light pulse at CT15
(Fig. 7B) did not change; however, it increased significantly in the
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vISCN 1 and 2 h after a light pulse at CT21 (Fig. 7C). At P5 and P10,
a light pulse administered at CT15 (Fig. 7B) induced Per2 expression
within the entire area of the SCN, while a pulse at CT21 (Fig. 7C)
induced expression mostly within the vISCN.

At P1, P3, P5 and P10, the endogenous expression of c-fos (Fig. 8A,
control) was located exclusively within the dmSCN. The administra-
tion of a light pulse at CT7 (Fig. 8A, pulse) induced c-fos expression
primarily within a thin layer at the ventral border of the SCN at P1, P3
and P5 and throughout the vISCN at P10. At P10, the intensity of the
signal following the pulse did not exceed the endogenous dmSCN
signal. The signal intensity of the entire SCN was thus not increased,
and photoinduction was consequently not recognized by film autora-
diography (see Fig. 3). Following the administration of light pulses at
CT15 (Fig. 8B, pulse) and CT21 (Fig. 8C, pulse), c-fos expression was
induced mainly at the ventral border of SCN at P1, and the
ventrolateral area spread in the dorsal direction between P3 and
P10. Interestingly, at P1, both these nighttime light pulses induced
c-fos expression within the dm-part of the SCN as well. This response
weakened at P3 and disappeared thereafter. At all developmental
stages, the intensity of the vISCN signal after nighttime light pulses
greatly exceeded that of the dmSCN. In addition, nighttime light
pulses induced c-fos expression very rapidly, i.e. within 30 min, and
light-induced levels declined markedly 2 h after the beginning of the
light pulse.

Discussion

In this study, we demonstrate the temporal and spatial development of
the photosensitivity of the canonical clock genes Per! and Per2 and of
immediate-early gene c-fos within the rat SCN during the early
postnatal period. Perl and c-fos expression were sensitive to light
pulses on the first postnatal day, whereas expression of Per? was
sensitive only on the third. At P1, the expression of Per/ and c-fos was

FIG. 5. Compartmentalization of the rat SCN during early postnatal ontogenesis. Representative emulsion autoradiographs delineate the distribution of cells
exhibiting spontaneous 4vp (A, B) and light-induced c-fos (C, D) expression within the SCN at P3 (A, C) and P10 (B, D). The images were used as templates to
determine the areas of the dorsomedial (A, B) and ventrolateral (C, D) regions of the SCN at early developmental stages. The template is schematically summarized
in (E). dmSCN, dorsomedial part of the suprachiasmatic nucleus; oc, optic chiasm; VISCN, ventrolateral part of the suprachiasmatic nucleus.
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F1G. 6. Spatio-temporal distribution of Per! expression within the SCN of rat pups. Representative emulsion autoradiographs demonstrating the distribution of Per/
expression in SCN sections of rat pups at P1, P3, PS5 and P10. Pups were either kept in darkness (control) or exposed to a 30-min light pulse at (A) CT7, (B) CT15 or
(C) CT21 (pulse), and sampled 30 min (CT7.5, CT15.5, CT21.5), 1 h (CT8, CT16, CT22) and 2 h (CT9, CT17, CT23) after the start of each light pulse. Note: the
intensity of the signal on individual emulsion autoradiographs may not exactly reflect the relative mRNA levels (for details, see Materials and methods). CT,
circadian time; P, postnatal day.

induced by light pulses delivered during either the nighttime or Our data, which demonstrate the photosensitivity of the rat SCN
daytime. Apparently, the newborn pups lack the mechanism present in already during the first postnatal day, are in accordance with earlier
adult animals that restricts photic responses to the nighttime. The reports on c-fos photoinduction at this developmental stage (Leard
gating mechanism was present at P3, though it developed gradually et al., 1994). In the present study, light pulses at P1 affected not only
further with age. c-fos expression as the neuronal activity marker but also the
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F1G. 7. Spatio-temporal distribution of Per2 expression within the SCN of rat pups. Representative emulsion autoradiographs demonstrating the distribution of Per2
expression in SCN sections of rat pups at P1, P3, P5 and P10. Pups were either kept in darkness (control) or exposed to a 30-min light pulse at (A) CT7, (B) CT15 or
(C) CT21 (pulse), and sampled 30 min (CT7.5, CT15.5, CT21.5), 1 h (CT8, CT16, CT22) and 2 h (CT9, CT17, CT23) after the start of each light pulse. Note: the
intensity of the signal on individual emulsion autoradiographs may not exactly reflect the relative mRNA levels (for details, see Materials and methods).

expression of the clock gene Perl mRNA. Apparently, photic
information may reach the core clockwork components very early
during the postnatal development. The RHT, which connects the retina
with the SCN, reaches the VISCN by P1 (Speh & Moore, 1993). The
RHT contains filaments of intrinsically photoreceptive retinal ganglion
cells expressing the non-visual photopigment melanopsin (Hattar

et al., 2002). Melanopsin-containing retinal ganglion cells are present
within the retina at prenatal stages in mice and rats, and they may thus
transmit information about external lighting conditions during the
early postnatal period, i.e. well before the visual photopigments
maturate and eyes open (Fahrenkrug et al, 2004; Hannibal &
Fahrenkrug, 2004; Sekaran et al., 2005). These findings, together with
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F1G. 8. Spatio-temporal distribution of c-fos expression within the SCN of rat pups. Representative emulsion autoradiographs demonstrating the distribution of c-fos
expression in SCN sections of rat pups at P1, P3, P5 and P10. Pups were either kept in darkness (control) or exposed to a 30-min light pulse at (A) CT7, (B) CT15 or
(C) CT21 (pulse), and sampled 30 min (CT7.5, CT15.5, CT21.5), 1 h (CT8, CT16, CT22) and 2 h (CT9, CT17, CT23) after the start of each light pulse. Note: the

intensity of the signal on individual emulsion autoradiographs may not exactly reflect the relative mRNA levels (for details, see Materials and methods).

our current data, demonstrate that pathways conveying photic
information to the circadian clock in the SCN are fully developed
not only morphologically but also functionally at birth. Hence, the
immature responses of the newborn rat SCN to photic stimulation
during the daytime observed in this work are due to undeveloped
functional properties of the circadian clock itself rather than non-
functioning photic pathways.

In adult animals, the sensitivity of the circadian clock to light is
restricted to the period of subjective night. In the rat SCN, the duration
of the subjective night was correlated with either the interval in which
light pulses induced high expression of c-fos within the vISCN
(Sumova & Tllnerova, 1998) or the interval when endogenous
expression of c-fos within the dmSCN was low (Sumova et al.,
1998). During this window, the SCN core clockwork permits the
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photoinduction of the light-sensitive clock genes Perl and Per2 from
low nighttime levels. This is believed to be a crucial step in light’s
ability to reset the molecular core clockwork. In adult rats, Perl
expression is light sensitive during the first and second part of
subjective night, but Per?2 is supposed to be photoinduced only during
the early subjective night (Yan et al., 1999; Miyake et al., 2000). In
our study of adult rats, Per2 expression was induced 2 h after the light
pulse delivered at CT15, and also slightly (though not significantly) 1
and 2 h after the light pulse administered at CT21.

Our current data demonstrate that the gating mechanism was not
present immediately after birth. At P1, light pulses induced the
expression of Perl and c-fos during the daytime as well as during the
nighttime. No Per2 expression was induced at any time during this
developmental stage. Interestingly, the spatial distribution of the signal
induced by the daytime light pulse differed for c-fos and Perl
expression. While c-fos expression was photoinduced primarily within
a thin layer of the ventral part of the VISCN, Per/ expression was
photoinduced throughout the entire SCN. The circadian control of
Perl photoinduction resembled that of adult rats at P3, while that of
Per2 only at P5. At P3, PS5 and P10, light pulse delivered during the
second part of the night induced the expression of Per2 within the
same region as Perl, ie. in the VISCN. However, light pulse
administered during the first part of the night induced the expression
of Per2 within the entire SCN region, but expression of Per/ only in
the vISCN at P5 and P10, but not yet at P3. Therefore, it seems that the
photoinduction of Per2 differs from that of Per/ not only in timing but
also in spatial distribution, and may thus be controlled by different
mechanisms since its beginning.

Interestingly, the response of the immediate-early gene c-fos to light
pulses was more dramatic than the responses of the clock genes.
Apparently, during early ontogenesis pathways mediating photic
information may massively activate neuronal activity within the
SCN. These pathways involve a clock-controlled step likely shared
with that affecting Per]/ photoinduction. c-fos photoinduction was
found to be gated at P3, when the signal intensity was measured on
autoradiographic film from the whole SCN. A detailed examination of
the spatial distribution of the c-fos photoinduction by emulsion
autoradiography revealed that daytime light pulse induced c-fos
expression at the ventral border of the VISCN until P5, and a slight
response in the entire VISCN was detectable even at P10. While the
photoinduction of Perl and Per2 thus seemed to be restricted to the
subjective night beginning at P3 and P35, respectively, the photoinduc-
tion of c-fos was not completely gated until P10. These data are in
accordance with our previous findings on development of the circadian
gate for the interval of c¢-fos protein photoinduction within the vVISCN
(Bendova et al., 2004). While light pulses induced c-fos immunore-
activity throughout the circadian cycle at P3, an interval of insensitivity
to light pulses was detected at P10. Similarly, Weaver & Reppert
(1995) reported the photic induction of c-fos expression during both
day and night from PO to P6.

The mechanism how the circadian clock in the SCN gates its
response to photic stimuli has not yet been elucidated, though Ras-
like G-protein Dexrasl has been recently recognized as a potential
gatekeeper molecule (Cheng et al., 2006). The gating is obviously
property of photosensitive cells located in the vl-part of the SCN.
Because the self-oscillating cells are mostly located in the dm-part,
the inter-cellular rather than intra-cellular mechanisms are likely
operating. The current model suggests that spontaneously oscillating
cells impose their outputs upon the photosensitive cells, controlling
thus the interval of their photosensitivity (Antle et al, 2007). In
accordance with this hypothesis, the absence of the gating
mechanism during the early postnatal stage, as revealed in this

study, might be due to a lack of functional synapses connecting the
spontaneously oscillating cells with the photosensitive gate cells. In
the rat SCN, synaptogenesis proceeds well into the postnatal stage
and is completed at P10 (Weinert, 2005), i.e. just around the time
when the gating mechanism develops. We further hypothesize that
presence and degree of responses of Per genes expression to light
might be conditional to the presence of a day/night variation in
their endogenous expression. Although the experimental design of
this study did not allow comparison of the amplitude of the
rhythms, a gradual increase of the amplitude was demonstrated in
our previous studies (Sladek ez al., 2004; Kovacikova et al., 2006).
The absence of the gating mechanism at P1 parallels the absence of
significant circadian variations in clock gene expression within the
SCN of newborn rats (Sladek ez al., 2004; Kovacikova et al.,
2006). Only very low-amplitude synchronized rhythms of Per/ and
Per2 mRNA levels were detected at P1 and P2, respectively, and
rhythms in the expression of other clock genes did not develop
until P3. Apparently, the core clock mechanism may restrict the
Perl and Per2 photoinduction to subjective night only when
synchronized circadian oscillations in their expression with low
nighttime and high daytime levels have fully developed. It is
plausible to speculate that these circumstances may facilitate
the prevalence of the maternal influence on entrainment of the
developing circadian clock over the photic influence during the first
few postnatal days.

In conclusion, our data demonstrate that light affects the molecular
core clock mechanism within the SCN immediately after birth. The
photoinduction of the clock gene Per2 develops later than that of
Perl. The circadian clock begins to restrict Per/ and Per2 photoin-
duction to the subjective night during the first postnatal week, again
earlier for Perl than for Per2. These data clearly demonstrate that the
molecular circadian clock within the rodent SCN is not completely
developed at the time of birth, but rather undergoes substantial
postnatal maturation to function as a circadian clock in the whole
complexity of the body demands. Only upon completing the
development, the molecular core clockwork begins to be entrained
by photic cues while maternal entrainment gradually loses importance.
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ABSTRACT

Mammalian retina contains the circadian clock that is formed by the similar
molecular components as the master circadian clock within the suprachiasmatic nuclei of
hypothalamus (SCN). In the SCN, light-sensitive clock genes Periodl (Perl) and Period?2
(Per2) and immediate-early gene c-fos are responsive to light already very early
postnatally and may thus soon participate in the developing mechanism of circadian clock
photoentrainment. The aim of the present study was to elucidate whether transcripts of
Perl, Per2 and c-fos genes are expressed also in the newborn rat retina, whether they are
light sensitive and how their light sensitivity develops during early postnatal development.
At postnatal day 1 (P1), P3, P5 and P10, the 30 min light pulse was administered during
the subjective day or during the first or second part of subjective night and the induction
of Perl, Per2 and c-fos expression was assessed 30min, 1h, 2h and 4h from the pulse
onset. In-situ hybridization followed by emulsion autoradiography revealed the
endogenous expression of Per!/ and Per2? but not of c-fos in the newborn retina.
Endogenous expression of Per2 was detected mainly in the inner retina and no light
induction of Per2 expression was observed. Light pulse induced the c-fos expression in
the ganglion cells already at P1. Until P5, c-fos expressing cells were localized mostly in
the dorsal part of the retina. At P10, they were already distributed across the entire retinal
circumference. At P1 and P3, but not at P5 and P10, light pulse strongly enhanced Perl
and c-fos expression in the outermost part of the retina. From the data, we hypothesize
that this developmentally transient sensitivity to light occurs in retinal pigment epithelium
and may play role in neural retina development. Our findings show, that the mammalian
retina is light-sensitive already from birth similarly as the SCN clock, however, the light-
induced genes expression developmentally change its spatial distribution and vary among

the retinal layers.
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INTRODUCTION

Mammalian circadian system includes master circadian clock located in the
suprachiasmatic nuclei of the hypothalamus (SCN) and output pathways that translate its
timing signals into daily rhythms in physiology and behavior (Hastings et al., 2007). The
clockwork mechanism in the SCN is genetically determined and based on the system of
interconnected transcriptional/translational feedback loops composed of several clock
genes such as Period 1,2, Clock, Bmall, Cryptochrome 1,2, Rev-erb a or casein kinase 1
epsilon and their protein products. Protein products of clock genes regulate positively or
negatively its own transcription and give rise to circadian, i.e., approximately 24 h
oscillations (reviewed in Reppert and Weaver, 2004). The light/dark cycle is the most
potent environmental cue that entrains the endogenous circadian rhythms to the 24 h
period of solar day. The photic information is conveyed to the SCN via
retinohypothalamic tract (RHT) - a monosynaptic pathway consisting mostly of fibres
from intrinsically photosensitive subpopulation of retinal ganglion cells (ipRGCs).
IpRGCs contain non-visual photopigment melanopsin (Hattar et al., 2002) and exhibit an
intraretinal network communication forming the system of circadian photoreceptors
within retina (Sekaran et al., 2003; Barnard et al., 2006). In adults, the sensitivity of
circadian clock in the SCN to light is temporally restricted to the period of subjective
night. Light stimulus during the late night advances and during early night delays the
phase of internal oscillations within SCN and output circadian rhythms. At molecular
level, immediate early gene c-fos, a marker of neuronal activation, and clock genes

Periodl (Perl) and Period?2 (Per2) are light inducible during the subjective night, but not
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during the subjective day and are thus the light-sensing components of clockwork
mechanism within the SCN (Akiyama et al., 1999).

Beside its sensory function, vertebrate retina also contains autonomous circadian
clock generating rhythmicity independently of the SCN (Ruan et al., 2006; Storch et al.,
2007). It controls a broad range of retinal physiology and regulate a variety of retinal
circadian rhythms as are rod outer segment disc shedding, melatonin release, dopamine
synthesis, visual sensitivity, intraocular pressure and many others (for review see Tosini
and Fukuhara, 2002; Green and Besharse, 2004; Tosini et al., 2008). In mammalian retina,
coordinated clock gene expression was reported predominantly in dopaminergic cells of
the inner nuclear layer (INL) and ganglion cell layer (GCL) (Witkovsky et al., 2003, Ruan
et.al., 2006, 2008). Similarly to the SCN, circadian clock in the adult retina can be also
entrained by light (Tosini and Menaker, 1996, 1998, Ruan et al., 2008) and
photoinduction of c-fos, Perl and Per2 expression in the retina was also reported (Huerta
etal., 1997, 1999; Namihira et al., 2001).

During early postnatal development, circadian rhythmicity and photic entrainment
of master circadian pacemaker in the SCN maturates only gradually (for review see
Weinert, 2005; Sumova et al., 2006). However, expression of ¢-fos and Perl in the SCN
of rat pups can be induced by light immediately after birth (Leard et al., 1994, Mat&ju et
al., in press). Thus, the SCN is sensitive to light long before eye opening, retina
maturation and image-forming vision. This is due to the non-parallel development of
image forming and non-image forming vision. IpDRGCs containing melanopsin are light
responsive, form functional connections with the SCN neurons and are directly
responsible for light-induced c-fos expression within SCN already at the day of birth (Tu
et al., 2005, Sekaran et al., 2005). At this age, other parts of the rat retina, except well-

developed retinal pigment epithelium (RPE), are still in a very premature state. The
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primordial photoreceptors start to extend their outer segments at postnatal day (P) 5 and
mature by the third postnatal week. The inner part of the retina consists of neuroblastic
cells that begin to differentiate into two layers during the first week of postnatal life. Rod
and cone ganglion cells, although morphologically differentiated, respond to
photoreceptors stimulation as soon as bipolar cells become functional between P10 and
P12 (Weidman and Kuwabara, 1969; Sernagor et al., 2001).

Thus, we begin to understand the sensory mechanism leading to early
photoinduction of clock gene expression within the SCN that may thus be involved in the
development of the photic entrainment of circadian clock. However, the expression of
clock genes within immature retinal layers and its responsiveness to light stimulation
remain unknown. Therefore, the aim of the present study was to elucidate whether clock
genes Perl, Per2 and immediate early gene c-fos are expressed in the retina of rat pups,
how their sensitivity to light develops during early postnatal development and where

within immature rat retina the photoinduction occurs.

MATERIALS AND METHODS

Animals

Male and female Wistar rats (BioTest s. r. 0.; Konarovice, Czech Republic) were
maintained under a light-dark regime with 12-h of light and 12-h of darkness per day
(LD12:12) at a temperature of 23 + 2°C with free access to the food and water. Light was
provided by overhead 40-W fluorescent tubes and illumination was between 50 and
200lux, depending on the cage position. Animals were maintained at LD12:12 for at least
four weeks before mating. The day of delivery was designated as postnatal day 0 (PO).

All experiments were conducted under license No. A5228-01 with the U. S.
National Institutes of Health and in accordance with Animal Protection Law of the Czech

Republic (license no. 42084/2003-1020).



Experimental protocol

Female rats with their pups were released into constant darkness at the time of
dark to light transition (designated as circadian time 0; CTO) on postnatal day (P)1, P3, P5
or P10. During the first cycle in darkness, experimental groups of pups were exposed to a
30-min light pulse (700 Ix) at either CT7 (i.e. during subjective day), CT15 (i.e. during the
first part of subjective night), or CT21 (i.e. during the second part of subjective night);
control groups were left untreated in the darkness. Pups from both groups were subjected
to maternal deprivation from the beginning of the light pulse in experimental animals until
the time of sampling by a rapid decapitation at 30 min, 1 h, 2 h and 4 h after the start of
each light pulse. In 10-day old pups, sampling at 4 h after the light pulse was omitted. At
each of these time points, four animals from the light-pulsed group and four control
animals were sampled. Whole heads were immediately frozen on dry ice, stored at -80 °C
and then sectioned into series of 12um-thick coronal slices in an alternating order
throughout the region containing the medial part of eye bulbs. Expression of rPerl, rPer2
and c-fos mRNA within retina was assessed by in-situ hybridization.

In situ hybridization histochemistry

The cDNA fragments of rat »Perl (980bp; corresponds to nucleotides 581-1561 of
the sequence in GenBank accession no. AB002108), rat »Per2 (1512bp; corresponds to
nucleotides 369-1881 of the sequence in GenBank accession no. NM031678) and rat c-fos
(1160bp; corresponds to nucleotides 141-1300 of the sequence in GenBank accession no.
X06769) were used as templates for in-vitro transcription of complementary RNA probes
(T7 or T3 MAXIscript kit, Applied Biosystems/Ambion, Austin, TX, USA). The rPerl
and rPer? fragment-containing vectors were generously donated by Professor H.
Okamura (Kobe University School of Medicine, Japan). The rat c-fos fragment-containing

vector (originally cloned by Dr. Tom Curran from Children's Hospital of Philadelphia,
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PA, USA) was generously donated by Professor W. J. Schwartz (University of
Massechusetts Medical School, Worcester, MA, USA). The whole cDNA was recloned
into a pBluescript SK vector (Stratagene, La Jolla, CA, USA) in our laboratory. Probes
were labeled by a->>S-UTP (MP Biomedicals, Irvine, CA, USA) and purified using
Chroma-Spin 100-DEPC H20O columns (Clontech Laboratories Inc., Mountain View,
USA). In situ hybridization was performed as described previously (Shearman et al.,
2000; Sladek et al., 2004). Briefly, sections were hybridized for 21 h at 60°C. Following a
post-hybridization wash, the sections were dehydrated in ethanol and dried. The slides
were then dipped in autoradiographic emulsion LM-1 (Amersham Biosciences,
Piscataway, NJ, USA). After six weeks of exposure, the slides were developed using the
developer Fomatol LQN and fixer FOMAFIX (FOMA, Hradec Kralové, Czech Republic)
and mounted for optical microscopy. For each gene, sections from pups of the same age
were hybridized with the same probe and processed simultaneously under identical
conditions. As a control, few parallel sections were also hybridized with sense probes and
no specific hybridization signal within retina was found (Fig.1). Representative pictures
of emulsion autoradiographs were taken using a digital Olympus DP70 camera (Olympus,
New Hyde Park, NY, USA) connected to an Olympus Ax-70 microscope (Olympus, New
Hyde Park, NY, USA).

Analysis of emulsion autoradiographs

Emulsion autoradiographs were analyzed using an image analysis system
ImagePro (Olympus, New Hyde Park, NY, USA). In each animal, the mRNA levels
within outer and inner neuroblast cell layer (or differentiating outer and inner nuclear
layer at P10), and ganglion cell layer were quantified as the relative optical density (OD)
of the layer. OD of the outermost part of retina was measured only if mRNAs expression

was induced; otherwise the structure was not distinguishable from surrounding tissue. OD
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of subretinal area without any specific signal served as the internal standard for each
section. Experiment was repeated three times and the obtained data were converted to the
percentage of the highest mean value in each assay regardless of animals’ age and retina
layer. The first experiment included animals at P1 and P3, the second expreriment animals
at P1, P3 and P5 and the third experiment animals at P10. The eye sections from each
experiment were processed simultaneously in the same in-situ hybridization. Data from
these assays were converted to the percentage of the maximum mean value from each
experiment and pooled. Pooled data were then used for statistical analysis.

Concerning the c-fos induction within the ganglion cell layer, the emulsion
autoradiography allowed us to count individual c-fos mRNA-positive cells. The induction
of c-fos expression within ganglion cell layer was then plotted as a mean of a number of
c-fos positive cells within the ganglion cell layer + S.E.M.

Statistical analysis

In each time point, levels of Perl and c-fos mRNA expression (pooled data as
described above) in neuroblast cell layer of control and light-treated animals were
compared using T-test. In animals exposed to light, levels of Perl and c-fos expression
(pooled data as described above) in each time point were also compared within neuroblast
cell layer and the outermost part of retina using T-test. Each column in graphs represents

the mean value of 4 to 9 animals + S.E.M.

RESULTS

We have studied the effect of 30 min light pulse administered either during the
subjective day (at CT7), or during the first (at CT15) or second part of subjective night (at
CT21) on expression of Perl, Per2, and c-fos genes within the retina. The levels of Perl,
Per2 and c-fos mRNA were assessed by in-situ hybridization with subsequent emulsion

autoradiography on the coronal sections of rat eyes at P1, P3, P5 and P10. Comparison of
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slices hybridized with sense probes revealed elevated spontaneous expression of Per/ and
Per2 (Fig.1A) in retinas of control animals as early as at P1. Until P5, Perl was weakly
expressed throughout the retina with no specific layer location (Fig. 1B). At P10, its
expression predominated in the outer part of developing retina. Clock gene Per? was
expressed mainly in the inner part of the neuroblast cell layer already from birth and did
not change its location until P10 (Fig 1B). No specific elevation of spontaneous
expression of c-fos within retina of control animals was observed at P1 (Fig. 1A) as well
as at P3 and P5. At P10, a weak endogenous expression was observed in the developing
INL (Fig. 1B).

Relative OD of GCL and inner and outer part of the neuroblast cell layer was
measured within retinas of light-stimulated and control rat pups. Relative OD of light-
induced stripe of expression in the outermost part of the retina was measured only in
animals exposed to the light pulse. In GCL, light pulse administration induced the
expression of c-fos as early as at P1. The hybridization signal was clustered into the
individual cells, thus the cells expressing the c-fos were numerable (Fig. 2 F, G, H). No
labeled cells were observed in the GCL of control P1, P3 or P5 animals (Fig. 2 E) and
only a few cells were distinguishable at P10 (Tab.1 B). Light pulse elicited the maximum
c-fos expression within 30 min from the onset of the light pulse administered at CT7 and
CT15 as well as at CT21. Two hours after the light pulse, number of cells and the
intensity of their in-situ hybridization signal stayed still high and the effect of light
disappeared between 2 and 4 h after the pulse (Tab.1 A). At P1, P3 and P35, the c-fos
positive cells were localized mainly in the dorsal and, to a lesser extent, to the ventral part
of the retina (Fig. 2 A, B, C). At P10, they were distributed along the whole retinal
circumference (Fig. 2 D). No light-induced expression of Perl and Per?2 in ganglion cells

was detected until P10.
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At P1 and P3 but not at P5 or P10, light pulse administration induced the thin
stripe of Perl and c-fos expression in the outermost part of the retina that has been
recognized as the RPE (Fig. 4 A, C; Fig. 5 A, C). In control animals, no such expression
occurred and the RPE layer was not distinguishable from the surrounding tissue (Fig. 4 B;
Fig. 5 B). The OD measurement was therefore possible only when the light-induced
signal defined the structure. Because OD of Perl and c-fos hybridization signal in
neuroblast cell layer showed no significant differences between control and light-
stimulated animals (Fig. 3), we compared the relative OD of the RPE region with the
relative OD of adjacent outer part of neuroblast cell layer within retina of light-stimulated
animals. At P1, light pulse administration induced Per/ expression within RPE at CT7,
CT15 as well as at CT21 (Fig 4 D). Statistical analysis revealed the significant difference
between relative OD of Per/ mRNA hybridization signal within RPE and outer neuroblast
cell layer at CT 8 and CT9 (p<0,01 each; T-test), CT16 and CT17 (p<0,001 each; T-test)
and also at CT22 and CT23 (p<0,001 each; T-test). Thus, light induces Per/ mRNA
expression within RPE of rat pups at P1 within 1 h; effect of light reaches its maximum
within 2 h and between 2 and 4 h after the light pulse disappeared. At P3, Perl expression
was induced within RPE by light pulse administration at CT7 and CT21 and slightly at
CT15 (Fig. 4 E). Comparison of values of relative OD of the RPE and adjacent neuroblast
cell layer revealed significant differences at CTS8 (p<0,05; T-test), CT9 (p<0,001; T-test),
CT17 (p<0,01; T-test), CT22 (p<0,05; T-test) and at CT23 (p<0,01; T-test).

Similarly, photoinduction of c-fos expression was observed within the RPE at P1
and P3, but not at P5 and P10. At P1 (Fig. 5, D), comparison of relative OD values of c-
fos mRNA signal within RPE and adjacent neuroblast cell layer revealed the significant c-
fos induction within RPE at CT8 (p<0,001; T-test), at CT9 (p<0,001; T-test), CT17

(p<0,01; T-test), CT22 (p<0,05; T-test) and at CT23 (p<0,001; T-test). At P3, expression



of c-fos was not significantly induced by light pulse administration at CT7 and only
slightly by light applied at CT15 and CT21 (Fig. 5 E). Relative OD of the RPE region
significantly differs from the OD of attached neuroblast cell layer at CT17 (p<0,01; T-
test), CT22 (p<0,05; T-test) and CT23 (p<0,01; T-test). No photoinduction of Per2 was
observed at any time and age studied (data not shown).

Our data show that light pulse administration during the subjective night as well as
during the subjective day induced c-fos expression in ganglion cell layer at P1, P3, P5 and
P10. Perl and c-fos expression was also light-responsive during the subjective day and
night within the outermost part of rat retina at P1 and P3 but not at P5S and P10. Our study
did not reveal any diurnal oscillations in Perl, Per2 and c-fos expression in retinas of
control rat pups collected during the study as well as apparent temporal regulation of light

sensitivity of studied genes in retina.

DISCUSSION

In the present study, we have monitored the mRNA expression of light-sensitive
clock genes Perl, Per? and immediate-early gene c-fos within the retinas of control and
light-treated newborn rats. In-situ hybridization histochemistry with subsequent emulsion
autoradiography allowed us to focus the specific hybridization signal more precisely
within retinal layers. We have measured the optical density from the inner and outer part
of the retinal neuroblast cell layer, from light induced stripe in the outermost part of the
retina and from the ganglion cell layer. Our data demonstrate the spatial and
developmental difference in photosensitivity of all three genes studied as well as the
differences in the distribution of their endogenous expression in the retina of neonatal rat.

Although many studies describe the expression of clock genes and immediate-
early gene c-fos in the adult rodent retina, no data exists so far characterizing their

endogenous expression in the retina during early postnatal development. Here, we show
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that the clock genes Perl and Per2 are expressed within rat retina early in postnatal
ontogeny. At P1, P3 and P35, Perl is expressed throughout the retina with no specific layer
location. At P10, its hybridization signal becomes stronger in the outer part of the retina,
the site of developing photoreceptors. In the adult rat retina, Per/ and Per2 mRNA
expression as well as PER1 protein was found mainly in the inner nuclear layer (INL) and
small group of ganglion cells (Namihira et al., 2001; Witkovsky et al., 2003; Garcia-
Fernandez et al., 2007; Dinet et al., 2007; Ruan et al., 2008). Other studies show the Perl
presence also in photoreceptors (Tosini et al., 2007). Therefore, it seems that the spatial
distribution of Perl gene within the retina may vary during the development. In support,
our preliminary data suggest that its expression predominates in the INL at P15, i.e.,
immediately after the eye opening.

Interestingly, at P1, Per2 expression was localized to the inner part of the
neuroblast cell layer and during the gradual development of retinal morphology, Per?2
mRNA expression occurred predominantly within the developing INL. Several INL cell
types can be distinguished already at birth, however the layer become functional at the
end of the first postnatal week (Weidman and Kuwabara, 1969; Sernagor et al., 2001). It
seems that, in contrast to Perl, Per2 mRNA expression should be associated rather with
early morphological differentiation of INL then with its functional maturation. Previous
study has reported that the first spontaneous c-fos expression in the retina appeared
between P11 and P15 (Ohki et al., 1996). Consistently with this finding, we observed no
apparent spontaneous c-fos expression within retina of control animals.

Similarly to the adult rat SCN, also in adult rodent retina, expression of clock
genes Perl and Per2 exhibit circadian variation, mainly in INL (Shearman et al., 1997;
Namihira et al., 2001; Witkovsky et al., 2003; Kamphuis et al., 2005; Rohleder et al.,

2006; Ruan et al., 2008). Although our experiments were focused mainly on the effect of
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light, intact newborn retinas were collected over the most of the 24h cycle. This allows us
to refer also on circadian variation of Per genes in the developing retina. In the
developing rat SCN, expression of Perl and Per2? was detected before birth; circadian
rhythm in Perl and Per2 expression starts to form at P1, became apparent at P2 and
develops gradually during early postnatal ontogenesis. At P10, expression of most of the
clock genes in the SCN exhibit circadian rhythm (Sladek et al., 2004, Kovacikova et al.,
20006). In contrast to the SCN, we have observed no circadian variation in Per/ and Per?2
expression within retinal layers until P10. Non-visual photopigment melanopsin was
previously reported as possible diurnal regulator of various retinal functions (Barnard et
al., 2006). Melanopsin is in the retina present very early in ontogeny and is responsible for
transduction of photic input into the SCN already from birth (Fahrenkrug et al., 2004).
According to our observation, circadian rhythm in expression of Per genes in the retina
seems to develop later during postnatal ontogenesis. Thus, melanopsin probably does not
play any direct role in the generation of the rhythmic clock gene expression within retina.
As demonstrated previously, light stimulates c-fos expression in melanopsin-
positive ipRGC and within INL (Sagar and Sharp, 1990; Yoshida et al., 1993; 1995;
Koistinaho and Sagar, 1995; Semo at al., 2003). In addition, Per/ and Per2 expression
was induced by light mainly in INL (Namihira et al., 2001). In neonatal retina, c-fos
expression in ipRGCs can be induced by light from birth onward (Hannibal and
Fahrenkrug, 2004) demonstrating thus the early photosensitivity of ipRGCs. Consistently,
our study shows the c-fos photoinduction within ganglion cell layer as early as at P1.
Interestingly, emulsion autoradiography revealed the neonatal topographic restriction of c-
fos expressing ganglion cells mainly into the dorsal part of the eye bulb. As late as at P10,
the labeled ganglion cells were distributed uniformly along the dorso-ventral extent of the

retina. The nasal-temporal and dorsal-ventral topographic polarity of the retina develops
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very early in ontogeny and axons of ganglion cells from a distinct part of the retina project
to appropriate target fields establishing thus a specific retinotopic maps in the brain
(Peters, 2002; McLaughlin et al., 2003, Harada et al., 2007). Here, we show a topographic
polarity of light-induced c-fos expression into the dorsal part of the retina that disappeared
between PS5 and P10. Similar developmental change was observed for M opsin production
within photoreceptor layer in hamster retina. M opsin was localized into dorsal retina only
until P10 and then its distribution spread, similarly as light-induced c-fos in ganglion
cells, across the entire circumference (Glosmann and Anhelt, 2002). On the other hand,
four topographic subtypes of direction-selective ganglion cells that are responsible for
reflexive eye movements are functional as late as at eye opening (Elstrott et al., 2008).
Therefore, the functional properties of topographic retinal fields may change during the
development. The question remains, whether these changes may influence also the
appropriate retinotopic target regions in the brain.

Semo at al., (2003) reported that in the absence of light 10-18% of melanopsin
ganglion cells within the adult mouse retina express c-fos spontaneously due to rod and
cone inputs. In our study, no spontaneous c-fos expression in ganglion cells was observed
within retina of control pups until P10, supporting the fact that ganglion cells in early
postnatal retina have a low synaptic connection with other retinal layers.

No Perl and Per2 photo-induction was observed in ganglion cells. In mouse
retina, PER1 protein production was shown in a group of ganglion cells that do not
express melanopsin (Witkovsky et al., 2003). In adult animals, these cells receive synaptic
inputs from INL. Induction of c-Fos protein production may thus depend on the
signalization from circadian oscillator within INL. Early after birth, this signaling

pathway may not yet been developed.
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We measured also optical density from inner and outer part of the neuroblast cell
layer and we did not find any difference between light stimulated and control retinas for
none of the genes studied even at P10. Contrary to our data, Munoz-Llamosas et al.
(2000) revealed photo-induction of c-Fos protein production in the inner part of
neuroblast cell layer in mice at P4. This discrepancy can be caused by the differences
between species as well as by the lower sensitivity of in-situ hybridization histochemistry,
which may not be able to detect sparse individual cells in the INL.

Intriguing point of this study is the light-induced strip of hybridization signal
obtained with c-fos and Perl probes in the outermost part of the retina early postnatally.
As mentioned previously, so early after birth neural retina and photoreceptors especially
are still very immature (Weidman and Kuwabara, 1969). Thus, they are unlikely
responding to photic stimulation. On the contrary, transient c-fos photoinduction was
observed in human RPE cell line in vitro (Yam et al., 2003). The c-fos was also rapidly
induced in the RPE, but not in the neural retina of adult rats by nitric oxide donor (SNP)
via CREB phosphorylation (Ohki et al., 1995). Finally, rhythmic expression of Per/ and
Per2 was induced by serum shock in human RPE cell line (Pavan et al., 2006). In vitro
data confirm that the photosensitivity and the ability to induce gene expression upon
external stimulation are the intrinsic property of the RPE cells and do not result from the
retinal circuitry. Although we failed to obtain plausible proof, mainly due to biochemical
properties of the RPE (Katz et al., 1978) that mask the immunohistochemical detection of
specific proteins in the RPE, it seems probable that the light-induction of both genes
occurs in the RPE. In support, Peirson et al. (2004) have described the presence of
melanopsin in the mouse RPE that suggest that the light-induced gene expression in the

RPE could be mediated via similar mechanism as in ipRGC.
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The light-induced c-fos and Perl expression within the RPE is strongest at P1, still
evident at P3 and disappear completely between P3 and PS5. Similar developmental time
course was observed for the loss of dopamine-stimulated c-fos expression via D1 receptor
within the neonatal SCN (Weaver et al., 1992; Weaver a Reppert, 1995). In the retina,
dopamine mediates acute light induction of the Per/ gene (Yujnovsky et al., 2006), and
via D1 receptors, it plays a key regulatory role of the endogenous retinal clock mechanism
(Ruan et al., 2008). Light acutely increases the activity of retinal tyrosine hydroxylase, a
key enzyme of dopamine synthesis in amacrine cells (Iuvone et al., 1978) and also in fish
RPE (McCormack and Burnside, 1993). Light also evokes a dopamine synthesis and
utilization within 30 min of light onset (Nir et al., 2000). Moreover, dopamine controls
melanopsin expression in ipRGCs (Sakamoto et al., 2005). During the development,
dopamine-mediated cAMP accumulation via D1 receptors was observed in the retina
already before synaptogenesis (Reis et al., 2007). All these data suggest that dopaminergic
system may play a role in light-induced Perl and c-fos expression within the neonatal
RPE. However, here it is important to point out that in our study, the albinotic rat strain
was used. The albino phenotype results from the mutation in the tyrosinase gene and
consequently the insufficient release of melanin and L-DOPA, a dopamine precursor,
which is considered to be responsible for the abnormal development of the neural retina
(for review see Jeffery, 1997; Tibber et el., 2006). Ocular melanin protects the retina and
choroid of pigmented animals against light-induced cell toxicity (Peters et al., 2006) and
dopamine also protect retinal neurons from glutamate-induced excitotoxicity by reducing
NO production (Yamauchi et al., 2003). Therefore, it is also possible, that our observation
is limited only to albino rats with low dopamine and melanin protection against the toxic
effect of light causing the stress response via activation of c-fos as a part of AP-1

complex. The role of Per/ in this model would remain to be established. Noteworthy, the
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level of D1 receptors expression may be even elevated in early postnatal albino compared
to pigmented rat retina (Kralj-Hans et al., 2006), suggesting that the newborn albino retina
is prepared to receive dopaminergic input despite its own low production. Exploration of
gene photo-responsiveness within RPE of pigmented animals is complicated by the
presence of melanin that cover the site of specific in situ hybridization signal. Therefore,
different methodical approaches are needed for further elucidation and exploitation of the
present data.

Finally, the expression of c-fos in GCL and c-fos and Perl in the RPE were
induced by light in neonatal retina regardless of the circadian time, i.e. during the
subjective night as well as during the subjective day even at P10, when the circadian clock
within SCN already gates the sensitivity to light to the period of subjective night.
Similarly, light sensitivity of c-fos expression in amacrine and ganglion cells within adult
mouse retina is not temporally regulated (Huerta et al., 1999). Therefore, it seems that the
rat retina lack a mechanism gating the sensitivity to light to the nighttime as it is in the
SCN.

In conclusion, we show temporary spatial distribution of light-induced c-fos into
dorsal part of ganglion cell layer of newborn Wistar rat and the developmentally transient
photosensitivity of clock gene Per/ and immediate-early gene c-fos in the retinal pigment
epithelium. Also, we show that spontaneous Per2 expression is localized to INL already
from P1 and, contrary to the SCN (Matéji et al., in press), is not changed upon light

stimulation until P10.
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FIGURE LEGENDS

Fig.1. A: Spontaneous expression of clock genes Perl, Per2? and immediate-early
gene c-fos within retina of 1-day old rat pups. Representative emulsion autoradiographs
demonstrating the hybridization signal obtained with antisense and sense Per/ Per2 and
c-fos probes within eye sections of control animals show the specific hybridization signal
for Perl and Per2 within retina of rat pups at postnatal day 1. B: Spontaneous expression
of Perl, Per2 and c-fos within rat retina during early postnatal development. Details of
representative emulsion autoradiographs demonstrating the development and localization
of spontaneous expression of clock genes Perl and Per2 and immediate-early gene c-fos
within retina of control animals at postnatal day (P) 1, P3, P5 and P10. Clock gene Per! is
expressed within rat retina without specific localization until P5 and at P10 became
localized within outer part of retina. Per2 expression is localized within the inner part of
the neuroblast cell layer and as the retina gradually maturates; its expression became
restricted to the developing inner nuclear layer. Immediate-early gene c-fos is weakly
expressed within retina of control animals until P5 and at P10 only few cells were labeled

within developing inner nuclear layer of control animals.

Fig.2. c-fos mRNA photoinduction within ganglion cells at postnatal day (P) 1 (A),
P3 (B), P5 (C) and P10 (D) 1h after the start of the light pulse. The site of prevailing c-fos
photoresponsiveness is localized in the dorsal part of the eye bulb (arrows) and as
development continues, at P10 became also present within the medial and ventral part
(D). Detail of representative emulsion autoradiograph of rat retina at P1 demonstrate the
lack of c-fos mRNA hybridization signal within ganglion cells of control animals (E) and

c-fos expression 30 min (F), 1h (G) and 2h (H) after the start of the 30min light pulse.
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Fig. 3. Effect of light on Per/ (A) and c-fos (B) expression within outer neuroblast
layer of the retina at P1. Light pulse at any time of the circadian cycle did not increase the
mRNAs levels (gray columns) above endogenous mRNA levels in control animals (black
columns). Data from repeated experiments were converted to the percentage of the
maximum mean value from each experiment and then merged. Merged data are plotted as

mean of 7-8 values + S.E.M.

Fig.4. Photoinduction of Perl expression within the outermost part of retina of rat
pups. Representative emulsion autoradiographs show the localization of the Per/ mRNA
hybridization signal within the eye of 1-day old rat pup 2h after the start of 30 min light
pulse (A). Details of emulsion autoradiographs demonstrate that in control animals, no
Perl mRNA hybridization signal is distinguishable in the outermost part of retina (B), but
2 h after the light pulse onset, a strong Perl expression (C) occurs probably within retinal
pigmented epithelium (RPE). Graphs demonstrate the effect of light on Per/ mRNA
expression within the RPE of rat pups at postnatal day (P)1 (D) and P3 (E). Expression of
clock gene Perl was induced by a light pulse administration during the subjective day
(circadian time 7, CT7) as well as during the subjective night (CT15 and CT21). Relative
optical density (OD) of light induced signal in RPE (dashed columns) was compared with
OD of the adjacent neuroblast cell layer (NCL) (gray columns) that did not exhibit light
sensitive Perl expression (see Fig.3). Data from repeated experiments were converted to
percentage of the maximum mean value from each experiment and then merged. Merged
data are plotted as mean of 6-9 (occasionally 3) values = S.E.M. * P<0,05; ** P<0,01; ***

P<0,001 (T-test)
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Fig.5. Photoinduction of c-fos expression within the outermost part of retina of rat
pups. Representative emulsion autoradiograph show the localization of the c-fos mRNA
hybridization signal within the eye of 1-day old rat pup 2 hours after the start of 30 min
light pulse (A). Details of emulsion autoradiographs demonstrate that in control animals,
c-fos signal is not distinguishable in the outermost part of retina (B), but 2 hours after the
light pulse, strong c-fos expression (C) occurs probably within retinal pigmented
epithelium (RPE). Graphs demonstrate the effect of light on c-fos mRNA expression
within the RPE at postnatal day (P)1 (D) and P3 (E). Expression of clock gene c-fos was
induced by a light pulse administration during the subjective day (circadian time 7, CT7)
as well as during the subjective night (CT15 and CT21). Relative optical density (OD) of
light induced signal in RPE (dashed columns) was compared with OD of the adjacent
neuroblast cell layer (NCL) (gray columns) that did not exhibit light sensitive c-fos
expression (see Fig.3). Data from repeated experiments were converted to the percentage
of the maximum mean value from each experiment and then merged. Merged data are
plotted as means of 4 — 8 (occasionally 3) values = S.E.M. *P<0,05; **P<0,01;

**%P<0,001 (T-test)

Table 1. Number of retinal ganglion cells exhibiting light-dsensitive c-fos mRNA
expression. A: Number of ganglion cells exhibiting light-induced c-fos mRNA expression
within retina of rat pups at postnatal day (P) 1, P3, and P5. At P1, P3 and P5 no
spontaneous c-fos mRNA expression was observed within retina of control animals. B:
Number of ganglion cells exhibiting light-induced c-fos mRNA expression within retina
of rat pups at P10. At P10, slight spontaneous expression of c-fos mRNA was observed
within ganglion cells of control animals. Within retina of 10-day old rat pups, levels of c-

fos mRNA expression were not assessed 4h after the start of each light pulse. Both tables
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demonstrates that expression of immediate-early gene c-fos is induced by a light pulse

administered during the subjective day as well as during the subjective night.
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Table 1

A
time CT7 CT15 CT21
day | *30 | +1n [+2n|+an| ™30 [ san [ +2n | +an] T30 | s1in|+2n | +an
min min min
7+ 7+ 1+ 9+ 7+ 8 + 1+
P1 |10£2 | 1242 ) 0 [ 11+2 ] 11+1 ) 0 i ) , 0
5+ 5+ 7+ 8+ | 5+
P3 |3+1|7+4 5 0 |9+3|8+3 ) 0 i ) ) 0
4 + 1+ 3+ 1+ 5+ 4+ 1+
P5 |le+t1 |71 0 1 5£2|9+2 1 ) 1 1 1 0
B
time CT7 CT15 CT21
P10 730 |+1n [+2n 1730 [41h l+2h | ™20 [41h |+2h
min min min
pulse 2145 | 1441 | 17£1 | 2342 | 1643 | 1943 | 2547 | 2145 | 14+1
control 11 |1+1 (2121 |1+1|2+1[|3+0[2+1|2+1
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Abstract

The molecular mechanism underlying a generation of circadian rhythmicity within the suprachiasmatic nucleus (SCN) is based on
interactive negative and positive feedback loops that drive the rhythmic transcription of clock genes and translation of their protein products.
In adults, the molecular mechanism is affected by seasonal changes in day length, i.e., photoperiod. The photoperiod modulates phase,
waveform, and amplitude of the rhythmic clock genes expression as well as the phase relationship between their profiles. To ascertain when
and how the photoperiod affects the circadian core clock mechanism during ontogenesis, the rhythmic expression of clock genes, namely of
Perl, Per2, Cryl and Bmall was determined in 3-, 10- and 20-day-old rat pups maintained under either a long photoperiod with 16 h of light
and 8 h of darkness per day (LD 16:8) or under a short, LD 8:16 photoperiod. The daily profiles in the level of clock genes mRNA were
studied in constant darkness. The photoperiod affected the profile of Per/ and Per2 mRNA in 20- and 10- but not yet in 3-day-old pups.
Expression of Cryl was affected only in 20-day-old pups, whereas expression of Bmall was not yet affected even in 20-day-old rats. The
results demonstrate no effect of the photoperiod on 3-day-old pups, only partial entrainment of the molecular core clockwork in 10-day-old
pups and a more mature, though not yet fully complete, entrainment in 20-day-old pups as compared with adult animals. The developmental
interval when the photoperiod begins to entrain the core clock mechanism completely might thus occur around the time of weaning.
© 2005 Elsevier B.V. All rights reserved.

Theme: Systems neuroscience
Topic: Regulatory systems

Keywords: Suprachiasmatic nucleus; Ontogenesis; Photoperiod; Clock gene; Rat

1. Introduction

All mammals exhibit daily rhythms at behavioral,
physiological, hormonal, biochemical and molecular levels.
The rhythms persist even in a nonperiodic environment with
a period close, but not equal to, 24 h [21]. The circadian
rhythms are controlled by a generator of the rhythmicity,
i.e., by a clock located in two suprachiasmatic nuclei (SCN)
of the hypothalamus [16]. The interactive molecular
feedback loops between the expression of canonical clock
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E-mail address: sumova@biomed.cas.cz (A. Sumova).

0006-8993/$ - see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.brainres.2005.10.022

genes, namely Perl,2, Cryl,2, Bmall, Clock and casein
kinase le, and their protein products PER1,2, CRY1,2,
BMALI, CLOCK and CKlg are responsible for the SCN
rhythmicity (for review see [10] and [25]. BMALI and
CLOCK heterodimers positively activate rhythmic expres-
sion of Per and Cry genes through E-boxes on their
promoters. PER and CRY proteins form heterodimers that
translocate from cytoplasm to the nucleus. Beside the
dimerization, the phosphorylation state of the PER mono-
mer by CKle also regulates its stability and dynamic of the
translocation. In the nucleus, PER and CRY heterodimers
inhibit the CLOCK and BMALI1 mediated transcription and
chromatin remodeling may be involved [6]. Rhythmic
transcription of Bmall is negatively affected by REV-
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ERBa, a protein product of gene Rev-erba gene regulated
by CLOCK and BMALI heterodimer [22].

Under real-life conditions, daylight entrains the endog-
enous rhythmicity to the period of solar day, i.e., 24 h [21].
The entrainment proceeds through resetting the molecular
core clockwork by a yet unknown mechanism. It likely
starts by the instantaneous induction of transcription of the
light-sensitive clock genes Per! and Per2 after light
intrudes into subjective night, i.e., the light sensitive zone
of the circadian cycle [1,28,31,44]. The light-induced
transcription is mediated through a locus on a Perl
promoter, the CRE element, independently of the E-box
stimulation [41].

In temperate zones, the duration of daylight, i.e., the
photoperiod, changes with the seasons. At latitude 50°N, the
duration of daylight in summer is double that in winter.
Such profound changes in the photoperiod affect mamma-
lian behavior and physiology. In rodents, the circadian clock
is able to recognize the photoperiod and entrains the
circadian rhythmicity accordingly to enable anticipation of
the forthcoming season [34,39,43]. The molecular mecha-
nism through which the photoperiod modulates the interac-
tive feedback loops undergoes an intensive investigation
[8,13-15,18,33,37,38,40]. In all rodents studied so far, the
duration of high Perl and Per2 expression and PER1 and
PER2 immunoreactivity (-ir) are related to the duration of
daylight, i.e., it is longer on long summer days and shorter
on short winter days [14,15,18,33,37,38,40]. In the rat, in
addition to changes of Per!/ and Per2 expression profiles,
the elevated Bmall expression oscillating in the antiphase to
Per genes expression persists for a longer time on short than
on long days [38]. Moreover, Cryl expression is phased
advanced on long days as compared with that on short days
without any change in its duration [38]. Such changes in
molecular inter-phasing might consequently affect the
interval when PER and CRY proteins are available at the
same time in the cytoplasm to form complexes that
translocate to the nucleus and inhibit the BMALI and
CLOCK mediated transcription. However, other mecha-
nisms may also contribute to decoding daylight duration by
the molecular clock [3,7], and the complex exact mecha-
nism of photoperiodic entrainment still remains to be found.

Morphologically, the SCN develops through more phases
[16]. In the rat, it is formed from the embryonic day (E)14
through E17 as a component of the periventricular cell
groups. Synaptogenesis progresses slowly at the late
prenatal and early postnatal periods and increases signifi-
cantly from the postnatal day (P)4 to P10. The retinohypo-
thalamic tract conveying information about light from the
retina to the SCN forms near the time of birth, is clearly
present at P4 and approaches the adult state at P10 [17].

During the embryonic stage, intrinsic thythmicity of the
SCN is already present as reflected by the day—night
difference in metabolic activity monitored by the 2-
deoxyglucose uptake from E19 through E21 [23], by the
day—night difference in arginine vasopressin mRNA levels

at E21 [24] and firing rate of the SCN neurons at E22 [30].
Data on the beginning of the rhythmic oscillation of the
clock gene expression in the rat SCN are contradictory.
Daily rhythms in Per/ and Per2 mRNA have been reported
on the rat embryos at E20 [19,20]. In another study, no
significant rhythms in Perl, Per2, Cryl, Bmall and Clock
mRNA, and moreover, no PER1, PER2 and CRY 1-ir have
been detected in the rat SCN at E19 [32] and E20
(Kovacikova et al., in preparation). The amplitude of the
rhythmic oscillations of Perl, Per2, Cryl and Bmall
mRNA increased progressively with age from P3 to P10
[32].

The circadian clock starts to be sensitive to light soon
after birth. Light induces expression of immediate-early
gene c-fos and its protein cFos already in 1-day and 3-day
rat pups, respectively [2,12]. Thus, light information reaches
the SCN cells well before eyelid opening. However, it is
likely that maternal entrainment dominates over that of the
photic during the first days after birth [5]. The ability of the
SCN to recognize the photoperiod may develop gradually
only during postnatal ontogenesis. In the rat pups, the
circadian rhythm in light-induced cFos-ir within the SCN
was not affected by the photoperiod at P3 but was partially
modulated at P10 while the circadian rhythm in spontaneous
cFos-ir was not yet affected by the photoperiod even at P10
[2]. The aim of the present study was to determine when and
how during the early postnatal ontogenesis the photoperiod
starts to modulate the molecular core clock mechanism in
the developing SCN and to compare the effect of the
photoperiod with that in adult rats.

2. Results

Expression of Perl, Per2, Cryl and Bmall mRNAs at
P3, P10 and P20 maintained under LD16:8 at 1400, i.e.,
during the daytime, and at 0400, i.e., at the end of the night,
is shown in Fig. 1.

To compare the effect of the long and short photoperiod
on daily profiles of individual clock gene expression at P3,
P10 and P20, the data were expressed as percent of the
maximum daily values (Fig. 2).

For expression of Per/ mRNA (Figs. 2A, E, I), the two-
way ANOVA revealed a significant effect of time at P3, P10
as well as at P20 (F = 15.2, 47.4 and 67.5, respectively, P <
0.01). Although no significant effect of the photoperiod was
revealed at any of these ages, at P10 (Fig. 2E) and P20 (Fig.
21), but not at P3 (Fig. 2A), the significant interaction effect
(F = 4.3 and F = 3.4, respectively, P < 0.01) suggested
differences between the profile under the long and that
under the short photoperiod. Indeed at P10, the morning rise
under LD16:8 started already after 0400 and was highly
significant at 0600 (0400 vs. 0600, P < 0.01), whereas under
LDS8:16, the rise started only after 0600 and was significant
at 0800 (0400 vs. 0800, P < 0.01). Moreover, at 0600 Perl
mRNA was significantly higher under the long than under
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Fig. 1. Representative autoradiographs of coronal brain sections of 3- (P3), 10- (P10) and 20-day-old (P20) rats maintained under the long photoperiod LD 16:8
and sampled at external time (ExT) 1400, i.e., during the daytime, and at EXT 0400, i.e., during the end of the night time. For experimental design, see
Experimental procedure. Expression of Perl, Per2, Cryl and Bmall genes in the SCN was determined by in situ hybridization using cRNA probes.

the short photoperiod (P < 0.01). The decline of the Per/
expression occurred at about the same time under the long
as under the short photoperiod (1600 vs. 2000, P < 0.01).
Therefore, at P10 the nighttime duration of low Perl/
expression lasted by about 2 h longer under the short than
under the long photoperiod. At P20, the morning rise under
LD16:8 started already after 0200 and was significant at
0400 (0200 vs. 0400, P < 0.01), whereas under LD8:16, the
rise started only after 0400 and was significant at 0600
(0400 vs. 0600, P < 0.01). The decline of the Perl

expression occurred at about the same time under the long
as under the short photoperiod (2000 vs. 2200, P < 0.01).
Consequently, at P20 the nighttime duration of low Perl
expression lasted also by about 2 h longer under the short
than under the long photoperiod. The difference between the
Perl mRNA profile under long days and that under short
days at P10 and P20 might be probably due to a difference
in the photoperiod.

For expression of Per2 mRNA (Figs. 2B, F, J), the two-
way ANOVA revealed a significant effect of time at P3,

P3 P20
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80 80 80
Perl
40 40 40
A E 1
0 0 0
120 120 120
80 80 80
w2
S Per2
= 40 40
>, B . F , J
S
e 120 120 120
=
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g Cryl
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10121416182022242 4 6 8 10121416182022242 4 6 8 1012141618202224 2 4 6 8
== = el == ==

time (hours)

Fig. 2. Daily profiles of expression of clock genes Per! (A, E, 1), Per2 (B, F, J), Cryl (C, G, K) and Bmall (D, H, L) under LD 16:8 (dark dots) and under
LD 8:16 (open dots) in the SCN of early postnatal rats. Animals were sacrificed at P3 (A-D), P10 (E—H) or P20 (I-L). Time is expressed in external time
(ExT) where ExT 24 (0) h is assigned to the middle of the dark period. Data are expressed as a percentage of the maximum value. Each point represents the
mean + SEM from 4 animals. Solid bars indicate dark period.
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P10 as well as at P20 (F = 27.5, 104.1 and 49.0,
respectively, P < 0.01). At P3 (Fig. 2B), neither the effect
of the photoperiod nor the interaction effect was significant
and, therefore, expression of Per2 had the same profile
under the long as under the short photoperiod. At P10 (Fig.
2F), though the effect of the photoperiod was not
significant, the highly significant interaction effect (F' =
7.1, P < 0.01) suggested a difference between the profile
under the long and that under the short photoperiod. The
rise occurred earlier under the long than under the short
photoperiod: under LD16:8, it was already significant at
0600 (0400 vs. 0600, P < 0.05), whereas under LDS8:16
only at 1000 (0400 vs. 1000, P < 0.01). Moreover, at 0800
Per2 mRNA was significantly higher under long than under
short days. The decline of the Per2 expression occurred
later under LD8:16 (1800 vs. 2200, P < 0.01) than under
LD16:8 (1800 vs. 2000, P < 0.01). Consequently, at P10
the duration of low Per2 RNA expression might be about
by 2—4 h longer under the short than under the long
photoperiod. At P20 (Fig. 2J), both the effect of the
photoperiod as well as the interaction effect were signif-
icant (F = 39, P < 0.05 and F = 54, P < 0.01,
respectively). The first significant rise in Per2 expression
already occurred at 0600 (0400 vs. 0600, P < 0.05) under
the long photoperiod but only at 1000 (0800 vs. 1000, P <
0.01) under the short photoperiod. The decline of Per2
expression occurred at 0200 (2400 vs. 0200, P < 0.01)
under the long photoperiod but only at 0400 (2400 vs.
0400, P < 0.01) under the short one. Consequently, the
duration of low Per2 expression was by about 2 h longer
under the short than under the long photoperiod.

For Cryl expression (Figs. 2C, G, K), the two-way
ANOVA revealed a significant effect of time at P3, P10 as
well as at P20 (F =2.6, 6.7 and 11.5, respectively, P <0.01).
The effect of the photoperiod as well as the interaction effect
was significant only at P20 (F=3.8, P<0.05and F=4.1,P <
0.01, respectively) but not at P3 and P10. Therefore, at P3
(Fig. 2C) as well as at P10 (Fig. 2G), the profile of Cryl
mRNA expression under the long photoperiod did not differ
significantly from that under the short photoperiod. At P20
(Fig. 2K), the first significant rise in Cry/ expression
occurred at 1000 (0800 vs. 1000, P < 0.05) under the long
photoperiod but only at 1600 (1000 vs. 1600, P <0.05) under
the short one. The decline occurred at 0600 (2400 vs. 0600,
P < 0.01) under the long and at 1000 (2400 vs. 1000, P <
0.05) under the short photoperiod. Therefore, the rise as well
as the decline in Cryl expression occurred by 4—6 h earlier
under the long than under the short photoperiod.

For Bmall expression (Figs. 2D, H, L), the two-way
ANOVA revealed a significant effect of time at P3, P10 as
well as at P20 (F = 6.3, 12.3 and 16.7, respectively, P <
0.01). At P3 (Fig. 2D) as well as at P20 (Fig. 2L), neither
the effect of the photoperiod nor the interaction effect was
significant, and therefore, no changes of the profiles due to
the photoperiod might be considered. At P10 (Fig. 2H), the
interaction effect (F = 2.7, P < 0.05) but not the effect of

photoperiod was significant. The rise of the Bmall
expression occurred at about the same time under both
photoperiods, i.e., at 2200 (1600 vs. 2200, P < 0.01),
however, a decline was indicated at 0800 (0200 vs. 0800,
P < 0.01) under LD8:16 but only at 1000 under LD16:8
(0200 vs. 1000, P < 0.05). The decline thus occurred earlier
and duration of the elevated Bmall mRNA level appeared to
be shorter under the short than under the long photoperiod,
in contrast to the photoperiodic adjustment of Bmal
expression in the adult rat [38].

3. Discussion

The retinohypothalamic tract conveying information
about light from retina to the SCN forms near the time of
birth [17]. In accord with this fact, light induces the
immediate-early gene c-fos and its protein product c-Fos
in the rat SCN already at P1 and P3 [2,12]. Although light
information reaches the SCN shortly after birth and well
before eyelid opening around P15, our data suggest that the
photoperiod affected the daily profile of clock genes Per!
and Per2 expression only at P10 and P20, but not yet at P3.
Expression of Cryl was affected by the photoperiod only at
P20, but not yet at P3 or at P10, whereas expression of
Bmall was not affected by the photoperiod in a manner
similar to that in the adult rats [38] even at P20. These
findings indicate that at P10 the molecular core clockwork
starts to be partially entrained by the photoperiod while at
P3 the photoperiod is without any effect. At P20, the
photoperiod already affected the expression profiles of 3 out
of the 4 studied genes, namely of Perl, Per2 and Cryl, but
not of Bmall. However, the effect of the photoperiod on the
Perl mRNA profile at P20 was still smaller than that in
adult rats. Whereas in adult rats [38], similarly as in adult
Syrian [14] and Siberian [15] hamsters, the morning rise of
Perl expression occurred by 4 h earlier under LD16:8 than
under LD8:16, in 20-day-old rats the rise occurred only by 2
h earlier under LD16:8 than under LD®8:16. Therefore,
adjustment to the photoperiod proceeded only gradually,
and the complete entrainment was not accomplished within
the first 20 postnatal days.

In adult rats, the photoperiod affects expression of Per/,
Cryl and Bmall mRNA [38]. Under a long photoperiod, the
duration of high Perl expression is longer while of high
Bmall expression shorter, and the phase of Cryl expression
is advanced when compared to a short photoperiod.
Findings in mice and hamsters indicate that Per2 expression
is affected by the photoperiod as well [33,40]. Thus, both
the light sensitive as well as the light insensitive compo-
nents of the core clockwork appear to be modulated by the
photoperiod.

Our results confirm a rhythmic expression of Perl,
Per2, Cryl and Bmall genes at P3 reported recently [32]
and show further that the expression is not yet affected by
the photoperiod. At P10, the photoperiod started to
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modulate the molecular clockwork, namely, expression of
the light sensitive genes Per/ and Per2: the morning Perl
and Per2 mRNA rise occurred by about 2 and 4 h,
respectively, earlier under a long than under a short
photoperiod. In contrast to Per/ and Per2, expression of
the light insensitive gene Cry/ was affected by the
photoperiod only at P20 but not yet at P10: at P20, the
Cryl mRNA rise and decline under the long photoperiod
was phase advanced by 4—6 h relative to that under the
short photoperiod. The expression of the light insensitive
gene Bmall was not affected by the photoperiod even at
P20. The data suggest a dominant role of light sensitive
genes Perl and Per2 in the mechanism of photoperiodic
entrainment of the SCN core clock mechanism.

In our study, we were not able to differentiate between
the direct role of the photoperiod and that of the maternal
entrainment which might also contribute to synchroniza-
tion of the pup’s SCN rhythmicity during ontogenesis.
Although we cannot exclude the influence of the maternal
entrainment, several data support a direct effect of the
photoperiod on the pup’s SCN. It is likely that the role of
the maternal entrainment would rather decline than rise
with the postnatal age. Previously, it was shown that a
critical period for the maternal entrainment is around P5
[26]. In agreement with this finding, Ohta and colleagues
did not find a significant maternal influence on phase
shifts of the SCN Per/ and Per2 mRNA rhythms in rat
pups after P6 [19]. Our results, however, show that the
photoperiodic control of the molecular clockwork may
start to develop only around P10. Moreover, our previous
data demonstrate gradual development of the mechanism
which gates the insensitivity of a rat SCN to a light
stimulus during postnatal ontogenesis [2]. The gate is an
important pre-requisite of photoperiodic entrainment:
whereas at P3 a light pulse induces high cFos-ir within
the rat SCN throughout the whole circadian cycle, at P10
the response to light is already gated only to the period
roughly corresponding to subjective night. Hence, insen-
sitivity to a light stimulus during the subjective day
develops around the 10th postnatal day. Similarly as in
adult rats, at P10 the interval of insensitivity is shorter
under a short than under a long photoperiod. Although at
P10 the photoperiod starts to modulate partially the rhythm
in light sensitivity, it does not yet affect markedly the light
independent rhythm in spontaneous cFos-ir within the
dorsomedial SCN [2]. The latter rhythm which may serve
as a marker of the SCN endogenous neuronal activity is
also modulated by the photoperiod in adult rats [36].

It is tempting to speculate that the inability of the
photoperiod to modulate the spontaneous rhythm in c-Fos
production at P10 is due to an incomplete effect of the
photoperiod on light insensitive components of the core
clockwork at this age, as is demonstrated in the present
study. The rhythm in the light sensitivity resides within
the ventrolateral part of the rat SCN [9,11,27], whereas
the spontaneous rhythms in the clock and immediate-early

genes expression reside mostly within the dorsomedial
part of the rat SCN [9,35,36]. The light recipient
ventrolateral part appears to be modulated earlier by the
photoperiod than the spontaneously rhythmic dorsomedial
part [2]. The incomplete modulation of the clock gene
expression by the photoperiod at P10 suggests only a
partially functional photoperiodic entrainment. Indeed, at
around this age, an overt pineal rhythm of arylalkylamine
N-acetyltransferase is only partially adjusted to the
photoperiod [42].

In conclusion, our data demonstrate that the molecular
core clockwork within the rat SCN begins to be modulated
by the photoperiod in 10-day-old pups. At this age, the
modulation is still partial, matures only gradually and is not
yet fully completed in 20-day-old rats. Among the core
clock genes, Perl and Per2 genes are the first whose
rhythmic expression begins to be adjusted to the photope-
riod, suggesting their leading role in the mechanism of
photoperiodic entrainment.

4. Experimental procedure
4.1. Animals

Female Wistar rats (Bio Test, Konarovice, Czech
Republic) were housed in a temperature of 23 + 2 °C with
free access to food and water. The animals were maintained
for at least 4 weeks under either a long photoperiod with 16
h of light and 8 h of darkness per day (LD16:8) with the
lights on from 0400 to 2000 or from 2000 to 1200, or under
a short photoperiod with 8 h of light and 16 h of darkness
per day (LD 8:16), with the lights on from 0800 to 1600 or
from 2400 to 0800. For comparison between the experi-
ments, the time scales were corrected so that for each
experiment 2400 (0) h was assigned to the middle of the
dark period, i.e., external time (ExT) was used [4]. Light
was provided by overhead 40-W fluorescent tubes, and
illumination was about 200 Ix, depending on cage position
in the animal room. The female rats were mated on the day
of estrus, and day of delivery was designated as postnatal
day 0. At P3, P10 and P20, the mothers with their pups were
released into constant darkness, i.e., the morning light was
not turned on, and thereafter, four pups were sampled every
2 h throughout the whole circadian cycle. For both
photoperiods, the sampling was completed within 1 day.
The pups were killed by rapid decapitation, their brains were
removed, immediately frozen on dry ice and stored at —80
°C. Each brain was sectioned into five series of 12-pum thick
slices in alternating order throughout the whole rostrocaudal
extent of the SCN and processed for in situ hybridization to
determine levels of Perl, Per2, Cryl and Bmall gene
mRNAs. All experiments were conducted under license No.
AS5228-01 with the (US) National Institutes of Health and in
accordance with the Animal Protection Law of the Czech
Republic (license No. 1020/491/A/00).
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4.2. In situ hybridization

The cDNA fragments of rat »Perl (980 bp, position
736—1717 nt, GenBank No. AB002108), rat rPer2 (1512
bp, position 369—1881, GenBank No. NMO031678) rat
rBmall (841 bp, position 257—1098 nt, GenBank No.
AB012600), and mouse mCryl (719 bp, position 1074—
1793 nt, GenBank No. NM007771) were used as templates
for in vitro transcription of cRNA probes. The rPer! and
mCryl fragment-containing vectors were generously donat-
ed by Professor H. Okamura (Kobe University School of
Medicine), and rBmall was cloned in our laboratory.
Briefly, cDNA fragments of Bmall were obtained from
the rat hypothalamic mRNA. After reverse transcription,
cDNA was amplified by standard PCR and ligated into
vector pGem-T-Easy and pBluescript, respectively. The
cloned inserts were sequenced to verify the amplified
products.

The probes were labeled using *>S-UTP, and the in situ
hybridization was performed as described previously [29].
Briefly, the sections were fixed in 4% paraformaldehyde in
0.1 M phosphate buffer, pH 7.4 for 40 min and transferred
through 0.2 N HCI for 20 min, 0.25% acetic anhydride in
0.1 M triethanolamine for 10 min and dehydrated in 70%
and 96% ethanol for 5 min. The sections were then
incubated with a hybridization buffer (50% formamide,
10% dextran sulfate, 5x SSPE [0.9 M NaCl, 50 mM
NaH,PO,4, 5 mM EDTA], 2x Denhardt’s solution, 500 pg/
ml yeast tRNA, 500 pg/ml salmon sperm DNA, 0.1%
sodium dodecyl sulfate and 5% NaPPi and 50 mM
dithiothreitol in 0.1% DEPC H,O) containing the purified
radioactive labeled probes and hybridized for 20 h at 61 °C
(Per2), 60 °C (Perl), 58 °C (Bmall) and 55 °C (Cryl).
Following a post-hybridization wash, the sections were
dehydrated in ethanol and air dried. Finally, the slides were
exposed to Hyperfilm-beta-max (Amersham) for 10—14
days and developed using the developer Fomatol LQN and
fixer FOMAFIX (FOMA, Czech Republic).

As a control, in situ hybridization was performed in
parallel with sense probes (apart from rPer2) on sections
containing the SCN. All sections hybridized with the same
probe were processed simultaneously under identical con-
ditions.

Autoradiographs of sections were analyzed using an
image analysis system (ImagePro, Olympus) to detect the
relative optical density of the specific hybridization signal.
In each animal, the mRNA level was quantified bilaterally at
the mid-caudal SCN section containing the strongest
hybridization signal. Each measurement was corrected for
a nonspecific background by subtracting the optical density
values from neighboring areas expected to be free of the
specific signal, thus serving as their own internal standard.
At the end, slides were counterstained with cresyl violet to
check the presence and position of the SCN in each section.
In no case did in situ hybridization yield any specific signal
with a sense probe.

Four animals were used for each time point; occasionally
one sample was missed. Data were expressed as means of
optical density (OD) £ SEM; OD for each animal was
calculated as a mean of the left and right SCN values.

4.3. Statistical analysis

To compare the effect of the photoperiod in the same age
group, data were transformed to the percent of the maximal
value and analyzed by two-way ANOVA for time and
photoperiod differences and the subsequent Student—New-
man—Keuls multiple range test.
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THE RAT CIRCADIAN CLOCKWORK AND ITS PHOTOPERIODIC
ENTRAINMENT DURING DEVELOPMENT
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The mammalian circadian pacemaker is located in the suprachiasmatic nucleus (SCN),
which is composed of dorsomedial (dm) and ventrolateral (vl) regions. The molecular
clockwork responsible for the SCN rhythmicity consists of clock genes and their
transcriptional-translational feedback loops. The rat SCN rhythmicity and clockwork
are affected by the photoperiod. The aim of this study was to elucidate development
of the rat SCN rhythmicity, namely of the rhythmicity of the dm- and vI-SCN and of
expression of clock genes and to ascertain when the photoperiod starts to affect the
SCN rhythmicity. Rhythmicity of the dm-SCN, measured as the rhythm in spon-
taneous c-FOS production, developed earlier than that of the vI-SCN, which was
measured as the rhythm in ¢-FOS photoinduction. However, photoperiodic affection
of the rhythmicity occurred earlier in the vI-SCN than in the dm-SCN. From the 4
clock genes (Perl, Per2, Cryl and Bmall) studied, the expression of Bmall and Perl
was rhythmic already in 1-day-old rats; at this age, the Per2 mRNA rhythm just
started to form and no rhythm in Cryl expression was detected. After the second post-
natal day, all 4 genes were expressed in a rhythmic manner. Thereafter, the rhythms
matured gradually via increasing amplitude. Perl and Per2 mRNA rhythms started to
be affected by the photoperiod at the 10th postnatal day. The data suggest that the
rhythms in clock genes expression in the rat SCN develop mostly postnatally. The
molecular clockwork may start to be photoperiod-dependent around the 10th
postnatal day.

Keywords Suprachiasmatic nucleus, Clock genes, Photoperiodic entrainment,
Development, Circadian rhythm

INTRODUCTION

The rat, like all other mammals, exhibits circadian rhythms from the
molecular to the behavioral level. The rhythms are controlled by a clock
located in the two suprachiasmatic nuclei (SCN) of the hypothalamus
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(Klein et al., 1991). The SCN is composed of a ventrolateral (vl) part, also
called a core, and of a dorsomedial (dm) part, called a shell (Moore et al.,
2002). The SCN, itself, exhibits rhythms, e.g., in spontaneous (Sumova
et al., 1998) as well as light-induced (Schwartz et al., 1995) expression of
immediate early genes, namely c-fos and in the production of arginine
vasopressin (AVP) (Klein et al., 1991). Some of the rhythms are specific
for the vI-SCN, e.g., the rhythm in ¢-fos photoinduction (Schwartz et al.,
1995), whereas others may be specific for the dm-SCN, e.g., rhythms in
spontaneous c-fos and AVP gene expression (Sumova et al.,, 1998; Jac¢
etal., 2000). The SCN rhythmicity is due to the SCN molecular clockwork
(reviewed in Fu and Lee, 2003). The 9 mammalian clock genes cloned so
far, namely 3 period genes (Perl, -2, and -3), 2 cryptochrome genes (Cryl
and -2), Clock, Bmall, Rev-erba, and casein kinase 1& (CK1¢g), are thought to
be involved in the clockwork by forming interacting transcriptional-trans-
lational feedback loops.

Overt circadian rhythms, namely the rhythm in the pineal melatonin
production (Klein et al., 1991) as well as the SCN rhythmicity, itself, ¢.g.,
the rhythm in ¢-fos photoinduction (Sumova et al., 1995) or in ¢-FOS
(Sumova et al., 2000) and AVP (Jac et al., 2000) spontaneous expression,
are modulated by day-length, i.e., by the photoperiod. The rat SCN clock-
work is affected by the photoperiod as well (Sumova et al., 2003). The rat
SCN is formed during the fetal stage. Synaptogenesis in the SCN pro-
gresses slowly in the late and early postnatal periods and then markedly
increases from postnatal (P4) to postnatal day 10 (P10) (Klein et al.,
1991). Intrinsic SCN rhythmicity may be already present in the fetal rat
SCN.

The aim of the present work was to elucidate development of the SCN
rhythmicity and of its photoperiodic entrainment. The following questions
were addressed: 1) Does the rhythmicity of the dm-SCN and of the vI-SCN
develop in parallel, and when does it start to be affected by the photo-
period (Bendova et al., 2004)? 2) When and how does the rhythmicity of
clock gene expression develop (Sladek et al., 2004; Kovacikova et al., in
press)? 3) At what developmental stage does the molecular clockwork
respond to the photoperiod (Kovacikova et al., 2005)?

MATERIALS AND METHODS
Animals

Female Wistar rats were maintained under a light-dark (LD) cycle with
12 h oflight and 12 h of darkness per day (LD 12:12) or under LD 16 : 8 or
LD 8:16. The day of delivery was designated the postnatal day 0 (PO).
On average, 4 pups per each time point were decapitated every 2 h. All
experiments were conducted under License No. A5228-01 with the U.S.
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National Institutes of Health and in accordance with the Animal Protection

Law of the Czech Republic (License No. 1020/491/A/00) and the
standards of the Journal (Touitou et al., 2004).

Rhythmicity of the dm- and vI-SCN

Daily profiles of the spontaneous ¢-FOS immunoreactivity (ir) and of
light-induced c-FOS-ir were studied as models of a dm- and a vl- SCN
rhythm, respectively. At P3 and P10, in order to avoid the masking effect
of the light, either the evening light onset was advanced by 4 h when the
afternoon and early night-time points were followed, or the morning
light was not turned on, when the late night and daytime points were
studied. To analyze the spontaneous c-FOS-ir, pups were killed in dark-
ness. To determine the photoinduced c-FOS-ir, pups were exposed to a
30 min light pulse with an intensity of 200 to 300 Ix, then returned to dark-
ness and killed 30 min later. Brains were immediately removed and pro-
cessed for immunocytochemical demonstration of ¢-FOS in the SCN as
described elsewhere (Bendova et al., 2004).

Rhythms of Clock Gene Expression

At P1, P2, P3, and P10, mothers with their pups were released into con-
stant darkness (DD), i.e., the morning light was not turned on. Pups were
sampled throughout the whole circadian cycle and their brains were pro-
cessed for in situ hybridization to determine levels of Perl, Per2, Cryl and
Bmall gene mRNAs, as described elsewhere (Sladek et al., 2004).

RESULTS

Development of the dm- and vI-Rhythmicity and its
Entrainment by the Photoperiod

In 3- and 10-day-old rats, the dm-SCN rhythm in spontaneous c-FOS-
ir was already well expressed, but a response to a photoperiod similar to
that in adult rats was not yet been developed (Bendova et al., 2004). The
vl-SCN gate for insensitivity of c-FOS production to light at certain times
was detected in 10-day-old, but not yet in 3-day-old rats; in the latter,
light exposure at any day time induced high c-FOS-ir. In 10-day-old
pups, as in adult rats, the gate was shorter under LD 8:16 than under
LD 16:8, but the difference between the short and the long photoperiod
did not yet reach that of adult animals (Bendova et al., 2004).
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Development of Rhythms in Clock Genes Expression and
of Their Photoperiodic Control

At P1, the Perl expression was already rhythmic, and after P2, the
rhythm was well pronounced (Figure 1A) (Kovacikova et al., in press).
The rhythm amplitude continued to increase between P3 and P10
(Sladek et al., 2004). The photoperiod did not yet affect the Per/ mRNA
profile of 3-day-old rats (Figure 2A) (Kovacikova et al., 2005).
However, at P10 the morning Perl mRNA rise occurred already by
about 2h later under LD 8:16 than under LD 16:8. The Per2 mRNA
(Figure 1B) rhythm just began to form at P1 (Kovacikova et al., in
press). After P2, however, the profile was highly rhythmic (Kovacikova
et al., in press), and the rhythm amplitude continued to increase
between P3 and P10 (Sladek et al., 2004). The photoperiod did not
affect significantly the rhythmic Per2 expression at P3, but at P10 the
duration of low Per2 expression lasted 2 to 4h longer under the short
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FIGURE 1 Daily profiles of Perl (A), Per2 (B), Cryl (C), and Bmall (D) mRNA levels at P1, P2, P3, and
P10 in the SCN of rats maintained under LD 12:12 and released into darkness at the time of the
expected light-dark transition. The mRNA levels are expressed as relative optical density means +
S.E.M. from 4 animals. The data are taken from Sladek and colleagues (2004) and Kovacikova and
coworkers (in press).
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FIGURE 2 Daily profiles of Perl (A) and Per2 (B) mRNA levels at P3 and P10 in the SCN of rats
entrained to LD 16:8 with light on from 04:00 until 20:00 h (dark circles) or LD 8:16 with light on
from 08:00 until 16:00 h (open circles) and released into darkness at the time of expected light-dark tran-
sition. The mRNA levels are expressed as percent of maximal relative optical density means + S.E.M.
from 4 animals. The data are taken from Kovacikova et al. (2005).

than under the long photoperiod (Figure 2B) (Kovacikova et al., 2005).
Cryl mRNA rhythm (Figure 1C) started to form at P2, but there was no
rhythm at P1 (Kovacikova et al., in press). Gradually, the rhythm ampli-
tude increased (Sladek et al., 2004). At P3 as well as at P10, the profile of
Cryl mRNA expression under LD 16:8 did not differ significantly from
that under LD 8:16 (Kovacikova et al., in press). Bmall mRNA
(Figure 1D) exhibited a highly significant rhythm already at PI1
(Kovacikova et al., in press). Initially, the phase of the rhythm was opposite
to that of Per] expression as is the case in the later postnatal ages; however,
its shape differed from that at later ages. Neither at P3 nor at P10 was the
rhythmic Bmall expression affected by the photoperiod in a manner
similar to that in adult rats (Kovacikova et al., in press).

DISCUSSION

The data suggest that the circadian rhythmicity of the vI-SCN develops
later than that of the dm-SCN. We make this suggestion with caution since
only the rhythm in ¢-FOS photoinduction was analyzed in the vlI-SCN.

The molecular clockwork develops only gradually. At P1, the rhythm
in Bmall and a slight rhythm in Per! expression were already present;
whereas, the rhythm in Per2 expression just started and no rhythm in
Cryl expression was observed. After P2, all studied genes were expressed
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in a rhythmic manner and matured mostly via increasing the amplitude.
Altogether, the data suggest that rhythms in clock genes expression
develop mostly postnatally and not necessarily in parallel.

The photoperiodic control of the SCN circadian rhythmicity may also
develop only gradually. At P10, the rhythm of c-FOS photoinduction in the
vlI-SCN, i.e., the rhythm in photosensitivity, but not yet the spontaneous
rhythm in ¢-FOS production in the dm-SCN, started to be affected by
the previously experienced photoperiod. From the studied clock genes,
the rhythmic expression of Perl and Per2, but not that of Cryl and
Bmall, also started to be affected by the photoperiod at P10, though not
yet to the same extent as in adult rats (Sumova et al., 2003). The data
suggest a dominant role of light-sensitive Per/ and Per2 genes in the
SCN photoperiodic entrainment (Hastings, 2001) during development.
It was somewhat surprising that the SCN rhythmicity was not affected by
the photoperiod at P3, i.e., shortly after birth, as transduction of photoperi-
odic information from mother to fetus has been demonstrated in several
species, e.g., in the Djungarian hamster (Stetson et al., 1986). Thus, the
photoperiodic information is not transduced via an undeveloped fetal
SCN, or the SCN memory on the fetal photoperiod is only short-term.
The postnatal photoperiod may start to affect the circadian system
around P10.
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SOUHRN

V organizmu probihd mnozstvi rytmickych déju. Pokud se tyto rytmické déje odehravaji i v prostiedi bez periodickych
podnétl (napf. ve stalé tmé) s periodou * 24 hodin, oznacujeme je jako rytmy cirkadianni. Jedna se napf. o rytmus
ve spanku a bdéni, vylevech hormonu, rytmické zmény v télesné teploté atd. Za vznik téchto rytmuU a jejich syn-
chronizaci s 24hodinovym dnem je zodpovédny tzv. cirkadianni systém, ktery je u savcu sloZzen z centralnich hodin
v suprachiasmatickych jadrech hypothalamu (SCN), vstupnich a vystupnich drah umoznujicich jejich komunikaci
s vnéjsSim a vnitfnim prostfedim a z perifernich hodin v riznych tkanich téla. Podkladem pro vznik cirkadianni rytmici-
ty je systém zpétnovazebnych transkripéné-translacnich smycek sloZenych z tzv. hodinovych gen( a jimi kédovanych
protein(, které pozitivné ¢i negativné ovliviiuji vlastni transkripci. Vyzkumy provedené na mladatech a embryich
potkanl ukazuji, Ze jednotlivé slozky cirkadianniho systému se vyvijeji postupné béhem prenatalni a postnatalni
ontogeneze. Pro vyvoj vlastniho molekularniho mechanizmu v SCN je dulezité obdobi okolo narozeni. Mechanizmus
umoznujici svételnou synchronizaci cirkadidanniho systému se u potkant vyviji az postnatalné. V dobé kdy jesté neni
plné vyvinut, hraje pro mladata duleZitou synchronizaéni roli matka.

Klicova slova: cirkadianni rytmy, suprachiasmaticka jadra, vyvoj, synchronizace

SUMMARY

Many behavioral, physiological and molecular processes exhibit diurnal rhythms. Endogenous rhythms with period
close to 24 hours are called circa-dian rhythms. Light entrains circadian rhythms to a 24 period of solar day. Circa-
dian system consists of pacemaker, which is in mammals located in the suprachiasmatic nuclei of hypothalamus
(SCN), its input and output pathways and peripheral clocks in numerous tissues. The generation of circadian rhyt-
micity is based on interactive transcription-translational feedback loops in SCN. These feedback loops consist of so
called clock genes and their protein products which positively or negatively regulate their own transcription. Studies
in rodent embryos and neonates demonstrate that circadian system matures gradually during prenatal and postnatal
period. Mechanism of light entrainment of the circadian system develops postnatally. During early postnatal period,
the developing circadian system is synchronized mainly by maternal cues.

Key words: circadian rhythms, suprachiasmatic nuclei, development, entrainment

1. UVOD

Biologické hodiny existuji v urcité podob¢ prakticky
u vSech organizmi. Rytmy fizené biologickymi hodinami
se vyskytuji na riznych urovnich pocinaje trovni celého
téla (jako je rytmus v pohybové aktivité, spanku a bdéni,
prijmu potravy), ptes fyziologické funkce (jako napt. rytmy
v dychani, srdecnim tepu, ¢i zmény v télesné teploté) az po
molekularni a bunénou troven (kde dochazi k rytmickému

prepisu nékterych genti a tvorbé proteintl). Zakladnimi vlast-
nostmi biologickych rytmi je, Ze jsou vrozené a endogenni.
Nejsou tedy pouhou reakci na zmény vnéjsich podminek, ale
bézi i v prostiedi bez periodicky se opakujicich podnéti, a to
s vlastni vnitini periodou. Rytmy s periodou vyrazné kratsi
nez 24 hodin se nazyvaji rytmy ultradianni a patii k nim
napt. rytmy v dychani a srde¢nim tepu. Rytmy s periodou
priblizn€ 24 hodin se nazyvaji cirkadidnni a jedna se napf.
o rytmus v pohybové aktivité, spanku a bdéni ¢i télesné tep-
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loté. A nakonec rytmy s periodou vyrazn¢ delsi nez 24 hodin
se nazyvaji infradianni; jako ptiklad lze uvést napt. estralni
cyklus. Tato prace se blize zabyva rytmy cikadiannimi.

Cirkadianni rytmy se v evoluci vyvinuly jako mechaniz-
mus, ktery umoziiuje organizmu predvidat cyklické zmény
prostiedi spjaté se stfidanim dne a noci. V neperiodickém
prostredi je délka periody pro jednotlivé cirkadianni rytmy
druhové specificka a zpravidla se nerovna zcela presné
24 hodinam. Aby nedochazelo k predbihani rytmi, jejichz
perioda je krats§i nez 24 hodin, ¢i naopak zpozd'ovani rytma
s periodou delsi nez 24 hodin, jsou cirkadianni hodiny pra-
videlng synchronizovany s 24hodinovym dnem. Pti synchro-
nizaci je faze rytmu posunuta tak, aby byla v souladu s fazi
rytmu synchronizatoru, tedy s 24hodinovym dnem. Nejdu-
svételné zablesky (tzv. diskrétni synchronizace), tak i délka
svetlé ¢asti dne (tzv. kontinudlni synchronizace). Svétlo zve-
Cera pasobi zpozdéni rytmu s periodou del$i nez 24 hodin,
zatimco svétlo zrana predbéhnuti rytma s periodou kratsi
nez 24 hodin (Daan a Pittendrigh, 1976). Timto zptisobem
je udrzovana perioda rytmu piesné 24 hodin. Kromé svétla
pulsobi jako synchronizatory také signaly nesvételné povahy
napt. zmény okolni teploty nebo socidlni podnéty.

V laboratornich podminkach jsou pokusna zvirata obvyk-
le chovana pfi svételném rezimu, kde se pravidelné stiida
svétla a tmava faze (LD, light-dark). Pfi zkoumani mecha-
nizmu fidiciho cirkadianni rytmy je vSak nutno odstranit
akutni ,,maskujici vliv svétla a proto byvaji pokusna zvifata
pfevedena do konstantni tmy (DD, dark-dark). V DD se
stiida tzv. subjektivni noc, tj. obdobi, kdy je mozno svétel-
nym pulzem vyvolat posun faze a subjektivni den, kdy svétlo
fazi cirkadiannich rytmut neovliviuje.

2. CIRKADIANNI SYSTEM SAVCU

Piivodni pfedstavy o cirkadiannim systému vychazely
z predpokladu, zZe cirkadianni rytmy jsou generovany jedi-
nym tzv. centralnim osciladtorem — pacemakerem, ktery je
u savci ulozen v suprachiasmatickych jadrech hypothalamu,
u ptakd v epifyze, u hmyzu ve skupiné bunék v centralnim
nervovém gangliu, atd. Posledni studie vSak dokladaji
iu savel vyskyt mnoha dalsich oscilatort v perifernich orga-
nech (jatra, srdce, plice, ledviny, kosterni sval atd.) a ukazuji,
ze jde ve skutecnosti o mnohem komplikovangjsi systém
(viz obr. 1). Centralni pacemaker v ném pravdépodobné
funguje jako synchronizator fazi jednotlivych perifernich
oscilatord.

Centralni pacemaker savcll — suprachiasmaticka jadra
hypothalamu (SCN, suprachiasmatic nuclei) se nachazi
nad chiasma opticum. Jedna se o dva shluky bunék lezici
po stranach tieti mozkové komory. SCN je mozno funkéné
i morfologicky rozdélit na dvé ¢asti: ¢ast dorsomedialni
(dmSCN) a ¢ast ventrolateralni (vISCN). DmSCN je tvofeno
zejména neurony produkujicimi arginin-vasopressin (AVP)
a byva funkéné spojovano se vznikem endogenni rytmicity.
Neurony vISCN jsou charakteristické produkci vasoaktiv-
niho intestindlniho polypeptidu (VIP). Ventralni ¢ast SCN

tésné priléha k chiasma opticum a hraje dilezitou roli ve
svételné synchronizaci (pfehled viz Ibata et al., 1999).

Informace o svétle se do SCN dostava ze sitnice retino-
hypothalamickym traktem (RHT). RHT je tvoten pfevazné
axony urcité frakce gangliovych bunék sitnice (RGCs,
retinal ganglion cells). RGCs exprimuji opsinu podobny
fotopigment melanopsin, a ackoliv se nepodileji na tzv.
obrazovém vidéni, predavaji do SCN informaci o svétle (pre-
hled viz Morin a Allen, 2006). Hlavnim mediatorem RHT je
glutamat. Dalsi neptima draha, tzv. genikulo-hypothalamic-
ky trakt (GHT), vede ze sitnice pies intergenikulatni listek
(IGL, intergeniculate leaflet) nucleus geniculatus lateralis
thalamu a pfivadi do SCN informace o svételnych i nesvétel-
nych podnétech. Hlavnim mediatorem GHT je neuropeptid
Y. SCN ptijimaji dalsi podnéty také serotoninergni drahou
z raphe nuclei a z dal$ich ¢asti mozku.

Oscilace vznikajici v buiikdch SCN ¢innosti molekular-
niho mechanizmu (viz kap. 3.) jsou pfevadény na rytmus
v elektrické aktivité neurontl a na rytmickou produkei neu-
ropeptidd. Elektricka aktivita neuronti SCN in vitro je vyssi
pres den a rytmus v elektrické aktivité je ptitomen i v piipa-
dé ze je neurontim v in vitro podminkach zabranéno tvofit
synapse. Za téchto okolnosti vykazuje kazda buiika rytmus
v elektrické aktivité s fazi odlisnou od okolnich bunék a ten-
to jeji rytmus se s nezménénou fazi obnovi i po doCasném
zablokovani elektrické aktivity tetrodotoxinem (Welsh et al.,
1995; Pennartz et al., 2002). Z vyse uvedeného vyplyva, ze
centralni pacemaker je patrné in vivo slozen z vice nezavis-
lych oscilatord, které jsou navzajem synchronizovany dosud
nezndmym mechanizmem.

Kromé elektrické aktivity neurondl se na pienosu rytmu
z SCN do dalsich ¢asti mozku podileji i mediatory rytmicky
produkované buiikami SCN. Jedna se zejména o AVP, kyseli-
nu y-amminomaselnou (GABA), glutamat a dalsi. V SCN je
mozno rozliSit n€kolik subpopulaci neuronti, které rytmicky
produkuji urcity mediator, popf. jejich kombinaci. Tyto sub-
populace hraji dilezitou roli pfi cirkadianni regulaci vylevu
nékterych hormont (souhrn viz Kalsbeek et al., 2006).

Vyse popsané rytmy na trovni SCN jsou prendSeny fadou
nervovych drah do dalSich oblasti hypothalamu a také do
dalsich ¢asti mozku (podrobnéjsi anatomie viz Watts, 1991).
Nervovymi drahami z SCN je zprostiedkovana cirkadianni
regulace tvorby nékterych hormont, napf. melatoninu,
kortikosteronu ¢i gonadotropin-releasing faktoru. Melato-
nin (N-acetyl-5-hydroxytryptamin) je tvofen v epifyze ze
serotoninu (5-hydroxytryptamin) ¢innosti N-acetyltransfe-
razy (NAT) a hydroxyindol-O-methyltransferazy (HIOMT).
Aktivita NAT je nizka ptes den a vysoka v noci (Illnerova
a Vanécek, 1980). Vysoka hladina melatoninu v plazmé tak
plsobi jako vyznamny signal, ktery informuje organizmus
nejen o denni dobg, ale i o délce noci a tim o aktudlnim roc-
nim obdobi. Mediatorem, ktery se podili na aktivaci no¢niho
vylevu melatoninu, je patrné glutamat produkovany urcitou
subpopulaci neuronid SCN, zatimco ranni pokles hladiny
melatoninu fidi subpopulace bunék SCN produkujici GABA
(Kalsbeek et al., 2006). Do epifyzy se informace z SCN
dostavaji multisynaptickou drahou z dmSCN pfes nucleus
paraventricularis hypothalamu, intermediolateralni sloupec
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Sedé hmoty ve spindlni miSe a ganglion cervicale superior.
Nucleus paraventricularis hypothalamu obsahuje mj. neu-
rony produkujici kortikotropin-releasing faktor a drahou
z SCN je tak ovlivnéna i hladina kortikosteronu v plasmé
(Buijs et al., 1998). Neptimo jsou z SCN ovlivnény i hladiny
pohlavnich hormoni drahou vedouci do preoptické oblasti,
kde se podili na regulaci uvoliiovani gonadotropin-releasing
faktoru (van der Beek et al., 1997).

EPIFYZA -

’ melatonin
o Ql

SITNICE

kontikotropin-
@ j SCN C“ releasing faktor
PREOPTICKA OBLAST
-gonadotropin-releasing
faktor
: PERIFERNI
OSCILATORY

Obr. 1: Zjednodusené schéma cirkadianniho systému saved

RHT = retinohypothalamicky trakt, GHT = genikulohypothala-
micky trakt, IGL = intergenikulatni listek, PVN = nucleus para-
ventricularis, SCN = suprachiasmatickd jadra hypothalamu;,
RHT a GHT predstavuji hlavni vstupy synchronizacnich podnétu
do SCN. Vystupni z dréahy z SCN vedou pres PVN do epifyzy
a také do preoptické oblasti i do dalsich ¢asti mozku. Dochazi
tak k cirkadiannimu rizeni vylevu hormond, které déle ridi ryt-
mické aktivity organizmu (spanek-bdéni, prijem potravy atd.).
Kromeé oscilatoru v SCN jsou podobné oscilatory rovnéz pritom-
ny i v perifernich orgdanech a podili se napr. na rytmické tvor-
bé nékterych enzymu. DaleZitou funkei SCN je koordinace fazi
téchto rytmda.

3. MOLEKULARNI MECHANIZMUS VZNIKU
CIRKADIANNICH RYTMU

Vlastni mechanizmus vzniku endogennich oscilaci je
zalozen na systému vzajemné propojenych zpétnovazebnych
transkripéné-translaénich smycek. Tyto smycky jsou tvore-
ny tzv. hodinovymi geny, tj. geny jejichz vyfazeni zptisobi
u daného jedince naruseni az ztratu cirkadianni rytmicity.
Proteiny kodované témito geny vstupuji do jadra a reguluji
transkripci vlastnich genti. U savci byly jako hodinové ozna-
¢eny geny: Clock, Bmall, Periodl (Perl), Period?2 (Per2)
a Period3 (Per3), Cryptochromel (Cryl) a Cryptochrome?2
(Cry2), Rev-erba, Rora a kasein-kindzale (CKlg) (ptehled
viz Reppert a Weaver, 2001; zjednodusené schéma na obr. 2).
Proteinové produkty hodinovych gentt Clock a Bmall tvoti
heterodimery CLOCK:BMAL1, které se v jadie v komplexu
s histonacetylazou p300 vazou na E-boxy v promotorech
gent skupiny Per a Cry, do promotoru Rev-erbo. a pravdépo-
dobné také Rora a aktivuji tak jejich transkripci (Etchegaray
etal., 2003; Sato et al., 2004). V cytoplazmé se nasledn¢ tvo-

i proteiny PER1, 2, 3 a CRY1 a 2, které se spojuji v homo
1 heterodimery a jsou transportovany do jadra. Dimerizace
a transport do jadra je pravdépodobné regulovan fosforylaci
téchto proteini CKle, popf. jejim homologem CK136. V jad-
fe dimery PER:CRY narusuji komplex CLOCK:BMAL1
—p300 a negativné tak ovliviiuji vlastni transkripci. Protein
REV-ERBa je rovnéz transportovan do jadra, kde se vaze na
tzv. RORE sekvence (REV-ERBa/ROR response element)
a pusobi jako represor transkripce genu Bmall. Tato represe
snizuje dostupnost proteinu BMALT1, coz vede k zpétnova-
zebné negativni regulaci vzniku REV-ERBa. Tato negativni
zpétna vazba je patrné inhibovana proteinem PER2, ktery
tak ptsobi jako pozitivni zp€tnovazebny regulator zvySujici
dostupnost BMALT1 (Preitner et al., 2002). Do stejného mista
jako REV-ERBua se vaze také protein RORA (retionoic acid-
related orphan receptor a), ktery naopak pusobi jako pozi-
tivni regulator exprese Bmall (Ueda et al., 2002; Sato et al.,
2004). Vysledkem vyse popsanych vzajemné propojenych
zpétnovazebnych smycek jsou rytmické oscilace mRNA
hodinovych gent a jejich proteinovych produkti, pfi¢emz
rytmicka exprese genti Per, Cry a Rev-erba je v protifazi
k rytmu v expresi Bmall. Vyjimku tvofi gen Clock, ktery
v SCN nevykazuje rytmus v expresi.

Cinnost molekularniho mechanizmu musi byt n&jakym
zpusobem prevedena na rytmus v neuronalni aktivité a na
produkci neuropeptidd v bunkach SCN. Prvkem, ktery
zajistuje na molekularni urovni vystup z cirkadianniho osci-
latoru, jsou tzv. geny kontrolované hodinami (CCGs, clock
controlled genes), resp. jejich proteinové produkty. Jedna se
o geny, které nejsou soucasti zpétnovazebnych smycek, ale
presto jejich exprese vykazuje cirkadianni rytmus. Maji totiz
ve svém promotoru E-boxy, na které se vazou heterodimery
CLOCK:BMALI a pisobi tak rytmické zesilovani jejich
transkripce. Mezi CCGs patii napt. AVP a nékteré recepto-

CYTOPLAZMA

P
o~

&2 <

Obr. 2: Schéma molekularniho mechanizmu cirkadiannich
hodin. BliZe viz kapitola 3
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ry a podjednotky iontovych kanalil, coz se pravdépodobné
odrazi v rytmické aktivité neuronid SCN.

4. SVETELNA SYNCHRONIZACE NA
MOLEKULARNI UROVNI

Po osvétleni v noci je v SCN uvolnén glutamat z nervo-
vych zakonceni RHT. Glutamat se vaze na NMDA receptory
neurontt SCN a spousti tak signalni drahu uvniti buiiky, ktera
zahrnuje zvySeni intracelularni koncentrace Ca®* a aktivaci
NO-syntazy (Ding et al., 1994). Zvys$ené koncentrace Ca**
a NO vedou k aktivaci proteinkinaz, které fosforyluji DNA-
vazebny Ca*/cAMP response element binding protein
(CREB). Tento se vaze na Ca*/cAMP response element
(CRE) sekvenci v promotorech hodinovych gent Perl
a Per2 a zpusobuji aktivaci transkripce Perl a Per2 po
svételném pulzu. Aktivace transkripce Per genti prosttednic-
tvim CLOCK:BMALI heterodimeru popsana v pfedchozi
kapitole, je na CRE pravdépodobné nezavisla (Travnickova-
Bendova et al., 2002).

Zvyseni hladiny Per! mRNA v SCN bylo pozorovano
po aplikaci svételného pulzu v prvni nebo druhé poloviné
subjektivni noci, ale nikoliv po aplikaci béhem subjektiv-
niho dne. RovnéZ hladina mPer2 mRNA byla zvySena po
svételném pulzu, ale pouze v prvni poloviné subjektivni
noci (Miyake et al., 2000). M4 se tedy za to, Ze hodinové
geny Perl a Per2 jsou nezbytné pro svételnou synchroniza-
ci cirkadiannich rytmt (Albrecht et al., 2001). Ke zvyseni
hladiny Perl a Per2 mRNA, resp. proteini PER1 a PER2 po
svételném pulzu dochazi zejména ve vISCN (Yan a Silver,
2004). Odtud je zfejm¢ informace pfedavana do dmSCN
a ovliviwyje vystupy z oscilatoru.

Kromé okamzitého vlivu svételnych pulzi na expresi
hodinovych gent Perl a Per2, dochazi vlivem zmény
délky dne, tj. fotoperiody, ke zménam v profilech exprese
hodinovych gent Perl, Cryl a Bmall (piehled viz Sumova
et al., 2004).

5.VYVOJ CIRKADIANNIHO SYSTEMU

Mlad’ata primati véetné ¢loveka a také dalSich velkych
savcl se rodi pomérné€ dobfe vyvinuta a nékteré fyziologické
rytmy jsou u nich patrné jesté v prenatalnim obdobi vyvoje.
U novorozenych déti vSak ihned po porodu pievazuje spise
ultradianni rytmicita ve spanku a bdéni ¢i pfijmu potravy.
Cirkadianni rytmicita zacina ptfevladat teprve postupné
béhem prvniho mésice zivota (Lohr a Sigmund, 1999).
Mlad’ata hlodavct se rodi méné vyvinuta a rizné vnéjsi
rytmy se objevuji pfevazné az po narozeni. Z tohoto divo-
du jsou potkani a mysi v ¢asnych stadiich postnatalniho
vyvoje vhodnym objektem pro vyzkum vyvoje cirkadianni
rytmicity.

Bfezost trva u potkanti 22-23 dnti. SCN je tvofeno mezi
13. a 16. dnem embryonalniho vyvoje a vISCN vznika diive
nez dmSCN (ptehled viz Weinert, 2005). Brzy po zformova-
ni SCN (19. den embryonalniho vyvoje) byl pozorovan ryt-

mus v metabolické aktivité bunék SCN (Reppert a Schwarz,
1984). Od 21.dne embryonalniho vyvoje jsou patrné rozdily
v hladiné¢ AVP mRNA v SCN mezi dnem a noci (Reppert
a Uhl, 1987). U potkana je ode dne porodu pozorovatelna
vy$8i neurondlni aktivita neuront SCN béhem dne. Tento
rytmus se postupné vyviji a u mlad’at starych dva tydny
dosahuje stejné urovné jako u dospélych potkand (Shibata
a Moore, 1987).

Studie v poslednich letech byly zaméfeny zejména na
vyvoj molekularniho mechanizmu cirkadidnnich hodin.
Exprese hodinovych gent Perl, Per2, Cryl, Bmall a Clock
byla v SCN potkana detekovana jiz 19. den embryonalniho
vyvoje, v této dobé vsak nebyl jesté detekovan cirkadianni
rytmus v jejich expresi (Sladek et al., 2004). Denni rytmy
v hladin€ Perl a Per2 mRNA v SCN zacinaji byt patrné
az 1. den po narozeni, exprese je prokazatelné rytmicka
u 2-dennich mlad’at a v obdobi a mezi 3. a 10. postnatalnim
dnem se dale vyviji. Prvni ndznaky rytmu v expresi Cryl
mRNA jsou patrné druhy den po narozeni (Kovacikova et
al., 2006) a u 3-dennich mlad’at je rytmus jiz prokazatelny
arovnéz se s vékem dale vyviji (Sladek et al., 2004). Hladina
Bmall mRNA v SCN je 19. a 20. den embryonalniho vyvoje
vys$i nez u ostatnich hodinovych gentl a jeji rytmické zme-
ny jsou patrné od 1. dne po narozeni, pficemz u 2-dennich
mlad’at se zacina objevovat pro Bmall typicky 24-hod profil,
ktery je v protifazi k profilim Per a Cry mRNA (Kovacikova
et al., 2006). Amplituda rytmu v expresi v§ech sledovanych
hodinovych gent se dale zvétsuje mezi 3. a 10. postnatalnim
dnem (Sladek et al., 2004). Stejné jako u dospélych potkani
neni exprese hodinového genu Clock v SCN béhem prenatal-
niho a ¢asného postnatalniho vyvoje rytmicka (Sladek et al.,
2004; Kovacikova et al., 2006). Z vyse uvedeného je patrné
ze jednotlivé ¢asti molekularniho mechanizmu cirkadiannich
hodin se vyvijeji postupné a pievazné béhem casného post-
natalniho obdobi (viz Tab. 1).

6. SYNCHRONIZACE SVETLEM VE VYVIJEJICIM
SE CIRKADIANNIM SYSTEMU

Reakce vyvijejiciho se cirkadidnniho systému na svételné
podnéty je kromg zralosti jednotlivych ¢asti molekularniho
mechanizmu podminéna i vyvojem drah, kterymi se dostava
informace o svétle ze sitnice do SCN. Od 18. dne embry-
onalniho vyvoje zacina byt ve vnitini vrstvé neuroblasti
sitnice potkana tvoten cirkadidnni fotopigment melanopsin.
V obdobi okolo porodu buriky obsahujici melanopsin migru-
jido vrstvy gangliovych bunék a v ¢asné postnatalni ontoge-
nezi vytvateji dendritickou sit’ ve vnitini plexiformni vrstvé
(Fahrenkrug et al., 2004). Fotoreceptory, které se ucastni
prenosu vizualnich podnétl, se u mlad’at vyvijeji pozdéji
a svij vyvoj dokoncuji az béhem tietiho tydne postnatalniho
zivota. Projekce RHT tvofeného z vétsi ¢asti vlakny RGCs
do SCN a prilehlych oblasti se za¢ind objevovat 1. den po
narozeni v podob¢ izolovanych vlaken vedoucich na ventral-
ni okraj SCN. Dospé€lé urovné inervace je dosazeno pfiblizné
10. den postnatalniho vyvoje (Speh a Moore, 1993). Oc¢i se
potkantim oteviraji okolo 14. a 15. dne Zivota. I pfesto vSak
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mlad’ata do urcité miry vnimaji svétlo i pred timto dtlezitym
vyvojovym meznikem (Duncan et al., 1986). Jiz 1. den po
porodu byl pozorovan vliv svételného pulzu na zvySeni
exprese ¢asného raného genu c-fos v SCN (Leard et al.,
1994). Teprve az od 10. postnatalniho dne je vSak vyvinut
mechanizmus, ktery vymezuje dobu, kdy je SCN citlivé na
svételny pulz, tj. tzv. vratkovy mechanizmus. Bylo prokaza-
no, ze teprve u 10-dennich mlad’at svételné pulzy indukuji
expresi c-fos prevazné v dobé subjektivni noci (Bendova et
al., 2004)

Schopnost molekularniho mechanizmu reagovat na dél-
ku dne, tzv. fotoperiodu se vyviji postupné. U 3-dennich
potkanich mlad’at jesté fotoperioda neovliviiuje v SCN
expresi ani jednoho z hodinovych gent. U 10-dennich
mlad’at dochazi k mirnému ovlivnéni profilu exprese pouze
u genu citlivych na svétlo, tedy Perl i Per2. V SCN mlad’at
chovanych na dlouhé letni fotoperiodé (LD 16:8) je 10.
se Perl i Per2 mRNA nez u mlad’at chovanych na kratké
fotoperiodé (LD 8:16). U genu Per2 ovliviiuje fotoperioda
i dobu vecerniho poklesu mRNA v SCN. Diky tomu je
doba po kterou je hladina Perl a Per2 mRNA vysoka delsi
u mlad’at chovanych na dlouhé fotoperiodé nez u mlad’at
chovanych na kratké fotoperiodé. Na profily gend, jejichz
exprese neni pfimo ovlivnitelna svétlem, ma fotoperioda
vliv az v pozdgjsich vyvojovych stadiich. Profil exprese
Cryl mRNA je fotoperiodou ovlivnén az 20. den po naro-
zeni a profil exprese Bmall mRNA v SCN nebyl ovlivnén
jeste ani u 20-dennich mlad’at (Kovacikova et al., 2005;
prehledné viz Sumova et al., 2006). Vyvoj synchronizace
fotoperiodou je tedy u potkana ukoncen az okolo obdobi
odstavu. Je pravdépodobné, Ze vyvoj diskrétni (svételné)
a kontinualni (fotoperiodické) synchronizace souvisi
s vyvojem ,,vratkového* mechanizmu, ktery vymezuje
dobu citlivosti ke svétlu.

7. SYNCHRONIZACE NESVETELNYMI PODNETY
VE VYVIJEJICIM SE CIRKADIANNIM SYSTEMU

ey s

o vnéjsich svételnych podminkach. Déje se tak zprostiedko-
vané pres cirkadianni systém matky. Pokusy s lézemi SCN
u potkanich samic v riznych stadiich bfezosti ukazaly, ze
matefskad synchronizace se uplatiiuje zhruba od okamziku
kdy je zformovano embryonalni SCN. U potomki samic
kterym bylo odstranéno SCN v ¢asnych fazich biezosti
nedochazi ke ztraté cirkadianni rytmicity, ale je narusena
synchronizace s vnéj$im dnem (Shibata a Moore, 1988).
SCN matky se pfimo nepodili na vyvoji cirkadiannich rytmu
mladat, ale slouzi jako vyznamny synchronizator cirkadian-
nich rytmil celého vrhu.

V prenatalnim obdobi pfijima embryondlni cirkadianni
systém od matky fadu signalti behavioralnich i hormonal-
nich. Dulezitym signalem je no¢ni vylev melatoninu. Mela-
tonin piechazi pres placentu a pro mlad’ata by tak mohl byt
»signalem noci‘. Jako ,,signal dne* by mohl slouzit dopamin.
Melatonin a dopamin tak ziejmé ptisobi v embryonalnim

Tabulka 1.: Prenatalni a postnatalni vyvoj cirkadidanniho
systému potkana
E = den embryonalniho vyvoje, P = den postnatalniho vyvoje

E13-E16
E18

formovani SCN

Zacina tvorba melanopsinu v buiikach
sitnice

E19 v SCN zjistén rytmus v metabolické akti-

vité

E19-E22 v SCN detekovana exprese hodinovych

genll:

Perl

Per2

Cryl
Bmall
Clock

PO den porodu

v SCN zjistén naznak rytmu v neuronalni
aktivité

P1 prvni projekce RHT do SCN

detekovan naznak rytmické exprese
hodinovych gent

Perl, Per2 a Bmall

P2 Detekovana rytmicka exprese Perl, Per2
a Bmall

naznak rytmu u Cry1

P3 detekovan rytmus v expresi Cryl

u ostatnich hodinovych genti se zvétsuje
amplituda rytmu

P10 zjistén vliv fotoperiody na 24hod. profil

exprese Perl a Per2

pozorovan rytmus v pohybové aktivité

P14-P15
P20

otevirani o¢i

Kromé profili exprese Perla Per2
je fotoperiodou modulovan i

profil exprese Cryl

cirkadiannim systému jako dva vzajemné se dopliujici sig-
naly (pfehledné viz Weinert, 2005).

Vliv matky na cirkadianni systém mladéte pokracuje i po
narozeni. Nejsilngjsi je v prvnich dnech az tydnech postna-
talniho vyvoje a pak postupné slabne. Mlad’ata hlodavct,
ktefi jsou aktivni v noci, jsou vyznamné synchronizovana
rytmem v krmeni a hlavné rytmickou pfitomnosti, resp.
nepfitomnosti matky v hnizd¢ (piehled viz Weinert, 2005).
Neptitomnost matky v dob& krmeni, tedy pfes den, je pro
mladata silnym stresujicim signalem, ktery otac¢i fazi rytma
v expresi hodinovych geni Perl a Per2 (Ohta et al., 2003).
Obecné lze fici, ze cirkadianni systém mladéte je v prvnich
dnech Zivota citlivy pfevazng k nesvételnym podnétiim zpro-
sttedkovanym matef'skou péci a teprve potom ke svételnym
signaliim. Vliv matky v prenatalni i postnatalni ontogenezi
napomaha synchronizaci cirkadidanniho systému mladéte
s vn¢j$imi podminkami v dobé&, kdy cirkadidnni systém
mladéte neni jesté plné vyvinut (Sumova et al., 2006).
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