Univerzita Karlova v Praze
2. |ékarska fakulta

Studijni program: Neurady

Mgr. Marta Mikulaskova

Cirkadianni systém béhem ¢asné ontogeneze a jeho poruchy u
animalnich modeh a u ¢lovéka

Circadian system during early development and it"snisalignment in
humans and in animal models

Diserta&ni prace

Vedouci zagrecné prace: PharmDr. Alena Sumova, DSc.

Praha, 2014



Prohlaseni:

ProhlaSuji, Ze jsem zérke¢nou praci zpracovala samostata Zze jsemiadre uvedla a
citovala vSechny pouzité prameny a literaturu. &&s@ prohlaSuji, Zze prace nebyla

vyuzita k ziskani jiného nebo stejného titulu.

Souhlasim s trvalym uloZenim elektronické verze m#&ce v databazi systému
meziuniverzitniho projektu Theses.cz z&elém soustavné kontroly podobnosti

kvalifika¢nich praci.

V Praze dne 27.1.2014 MARTA MIKULASKOVA



Author of the thesis:

Supervisor:
Subject area:

Workplace:

Grant support:

Key words:

Mgr. Marta MikulaSkova (born Novakova)

PharmDr. Alena Sumova, DSc.
Neuroscience

Department of Neurohumoral Regulations, Instituté
Physiology, Academy of Sciences, v.v.i.

Grant Agency of the Czech Republic, grants no. 80803
and 30908H079

Grant Agency of the Charles University in Praguang no.
22810

Internal Grant Agency of the Ministry of Healthtbe Czech
Republic, grants no. NT11474-4/2010 and NR /9543
Sixth Framework Project EUCLOCK no. 018741
Research project nos. AV0Z50110509 and RVO:7985823

circadian, clock, ontogenesis, Smith-Magenis symdrcattention deficit hyperactivity

disorder, chronotype



Acknowledgement:

I would like to express my sincere appreciatiomtpsupervisor Dr. Alena Sumova for her
excelent and kind guidance during my whole studlesiould also like to thank all

members of the Department of Neurohumoral Regulatifor their help and friendly

environment. Special thanks go to Dr. Martin Sladiek his assistance with molecular
biology techniques. Moreover, | would like to thaRkof. Steven A. Brown for the

opportunity to learn new techniques in his amadaigpratory. Finally, | would like to

thank my husband and whole family for their support



INDEX

L ABSTRACT ottt ettt ettt ettt mmmmn ettt ettt e e e e e e e e e e e e e e e e e s e e aa s bnrrrreaaaeaaaaaaaaaaaaann 8
2 INTRODUCTION ...ttt et e e s emmme e e e e e e e e e e s s s s s aasseeeeeeeaaeaaaaaaansnnsssnennnes 10
2.1 Circadian rNYtMS .. ..o s 10

2.2 Molecular MeChaNISML.........ouiiiiiiie e 11
2.3 Hierarchy of the circadian SYStemL...........coouiiiiiiiiiiiiii s 13

2.4  Circadian entrainment and it’s misalignment...........cccccveviviiiiiiii e 15
P2 T V=1 F= 1o 11 o PP PUPPUPRRRRPPPRPP 16
2.6 CRIONOIY PO, .. e e 18
2.7 Ontogenesis of the circadian SYSIeML..........uuuiiiiiiiiiieieeieeeeeeeeeeeeee s 20
271 Ontogenesis of the circadian System iN LatS...........ocovviviiiiiiiiiiiiiiiiiieeeeee e 20
2.7.2 Ontogenesis of the circadian system in humans................ccccceeeee . 21

2.8 Neuropsychiatric disorders associated with disraptof the circadian system....21

2.8.1 Attention deficit hyperactivity diSOrder............oovvvvviviiiiiviiiiiieeeeeeeeee e, 22
2.8.2 SMIth-MagenisS SYNUIOIME ........coiiiiceeeeee et e e e e e e 22
AIMS OF THE THESIS ... 23
4 METHODS ...ttt e e e e e e e e e e e e e e e e e e e et eeeenrannne 24
4.1 Methods used in hUMaN STUIES...........coiiiiiieiee et 24
4.1.1 T (Lol oF= T o] £ PP 24
4.1.2 Saliva and buccal Srubs COIECHION .......cooiiiiiiiiiiieee e 25
4.1.3 Radioimmunoassay detection of melatonin ewvesaliva...............cccvieiieiiiiiriionn 25
414 Quantification of clock gene expression DY RCR..........uvvueeiiiiiiieeee e s 26
4.2  Methods used in animal StUAIES...........ccoiiiiiiiiii e 26
42.1 Experimental @nimalS........ccoooiioi e 26
4.2.2 Locomotor activity monitoring of the ratS............cccceeeiieiiiiiiieeie s 27
4.2.3 IN SItUNYDIQIZAION ... e e 27
4.3 StatiStical @NaAIYSIS........cccviiiiiii e 28
5 LIST OF PUBLICATIONS ... ..ttt e e e e et bennnneeeeneees 29
5.1 Publications of the author discussed in the PhBhe. ..o 29.
5.2 Publications of the author that are not discussethe PhD thesis.......................... 30
L 2 =1 U R 15 TR 31
6.1 Entrainment of the fetal SCN by restricted feediclgedule of pregnant rats....... 31



6.2 Alterations of the circadian system in childrenhwiieuropsychiatric disordetrs...32

6.2.1 Alterations of the circadian system in chaldivith ADHD ................coooevviiieiieees 32
6.2.2 Alterations of the circadian system in clalvith SMS..............cccccoiiiiiiiiin s 33
6.3  Variances of the circadian system in humank @itreme chronotype ................... 33
A 5 1 15T 40 1535 [ N TR 35
8 CONCLUSIONS ...ttt e e e e e e e e e e e et e eeee et b b bnnnnnsssbbnnnn s 41
O RESUME ...ttt e e e e e e e e e e e et ettt bennn———a b arn s 42
10 BIBLIOGRAPHY ittt aa e e e e e e e e e e e e e eees 43
SUPPLEMENT: PUBLICATIONS . ...ttt e e e e e e e eeeeeeeeenneeeeenes 52



List of abbreviations

ADHD
ANOVA
AVP
Ccg
cDNA
CK1s
CKle
DBP

DD

DSM-IV-TR

hnRNA
LD

LD 12:12
LL
MRNA
MSF
oD
RAIL
RF
RT-gPCR
SCN
SEM

SMS

attention deficit hyperactivity disorder
analysis of variance

arginin vasopresin

clock controlled gene

comlementary deoxyribonucleic acid
casein kinase 1 epsilon

casein kinase 1 delta

albumin D-site binding protein

constant dark, dark/dark

diagnostic and statistical manual of mental dis-d¥€-text revision

heterogeneous nuclear ribonucleic acid
light/dark

regime of 12 h of light and 12 h of dark
constant light, light/light

messenger ribonucleic acid

midpoint of sleep on free days

optical density

retinoic acid-induced gene 1

restricted feeding regime

real-time quantitative polymerase chaattien
suprachiasmatic nuclei

standard error of the mean

Smith-Magenis syndrome



1 ABSTRACT

The inner circadian timekeeping system rules ajispilogical proccesses that repeat
in our body regularly every day. This system wogtsmany different levels, from the
molecular level to the level of complex behaviofthaugh the central clock is located in
the hypothalamic brain area, the molecular mechamesponsible for the rhytmicityer
seis present in almost every cell in the body. Imians, the misalignment of inner clock
due to irregular daily schedule might lead to depeient of severe disorders including
sleep problems, obesity, breast cancer and neucaog psychiatric disorders. Therefore,
intensive research of the circadian system is sacggor our understanding of underlying
mechanisms involved in the connection between igisadl inner clock and these diseases.

During my PhD studies, we ascertained that durirepgtal development in rats,
fetal central circadian clock is sensitive to pditomaternal feeding. This occurs specially
under conditions when the maternal circadian sysgeunisturbed and entraining signals
from the maternal central clock are lacking.

Moreover, we studied the functional state of theadian system in children with
neuropsychiatric disorders. In 10-12 year-old aleidwith attention deficit hyperactivity
disorder (ADHD), we found a shortened nighttime signal of a hormomelatonin
compared with age matched control children. Thighhresult in a shorter subjective night
and consequently in a shorter sleep duration.

In children with Smith-Magenis syndroméSMS), we proved the severely altered
melatonin profiles. Moreover, we found desynchrediprofiles in clock gene expression
in peripheral clocks. Therefore, it is possibletttiee molecular clockwork of the central
clock is altered in SMS children.

Finally, we ascertained that the peripheral ciraadilock may sense the individual

chronotype in humans even under real-life cond#tion



ABSTRAKT

Vnitini ¢asovy systénm¥idi vSechny fyziologické procesy v naSettet které se
pravidelré opakuji se zhruba denni, tj. cirkadianni, periodiento¢asovy systém funguje
na mnoha urovnich, od Uravmolekularni az po komplexni vzorce chovaredtoze jsou
centralni hodiny uloZeny v hypotalamu, molekulamegchanismus zajigjici tyto rytmy
jako takové se vyskytuje teinve vSech dnich buikach. U lidi mize vést naruSeni
vnitiniho ¢asového systému vlivem nepravidelného rezimu kapzwejrizngjSich
onemocgni, nag. spankovych probléi obezity, nadar prsou ¢i neurologickych a
psychiatrickych onemoeni. Proto je vyzkumtasoveho systému nezbytny pro spravneé
pochopeni mechanisimkteré spojuji naruserdasovy systém s rozvojerfichto nemaoci.

V prabéhu mych studii jsme objasnili, Zz&hem prenatalniho vyvoje potkana jsou
jeho centralni hodiny citlivé na periodické krmematky. Tento vliv se projevirpdevsim
pokud je naruSerasovy systém matky a tim i naruSeny signaly vysilarcentralnich
hodin matky k plodm.

Dale jsme studovali furdkhi stav vnitnich hodin u éti s neuropsychiatrickymi
onemocgnimi. U desetiletych aZz dvanactiletycktids poruchou pozornosti spojenou
s hyperaktivitou (ADHD) jsme zjistili, Ze maji veoynani se stefnstarymi zdravymi
détmi zkraceny interval vysokych tinich hladin hormonu melatoninu. Toige vyudstit
v kratSi trvani subjektivni noci a tudiz i krat$iani spanku.

U déti se syndromem Smith-Magenis (SMS) jsme kfowmyznamr naruSenych
profili sekrece melatoninu nasli i desynchronizované lgrefiexpresi hodinovych gén
v perifernich biikach. Proto je prawgodobné, Ze molekularni hodinovy mechanismus
v centralnich hodinach je &til se SMS naruseny.

Kromé toho jsme zjistili, Ze lidské periferni hodiny js@vlivnény individualnim

chronotypem, a to i pokud jsou studovanyivqzenych podminkachetiného Zivota.



2 INTRODUCTION

2.1 Circadian rhythms

The existence of the circadian system provides rosgas with an evolutional
advantage of predicting changes in light, tempeeatand other variables that change
during the day. As a consequence, the circadiaersys present in almost all animals. In
my dissertation thesis, | focused on the circadigstem in mammals, namely in humans
and rats, which is an animal model with circadigstam similar to human in many
aspects.

Circadian rhythms, e.g. rhythms repeating regulaith the period about 24h, occur
at many levels: from molecular (transcription am@nslation of many genes) to
physiological (rhythms in hormonal secretion or yottmperature) and the whole
organism (sleep/wake cycle, locomotor activity@eding). Circadian rhythms are encoded
endogenously, therefore they are not just passeaetions to rhythmically changing
environment. That means that even in a nonperiedicironment, they run with the
endogenous period tau. The endogenous period @espspecific. In humans it differs
greatly among individuals; the reported mean pelardjth varies around 24.2 — 24.5 h,
depending on the protocol used for its assessn@arskadon et al. 1999; Czeisler et al.
1999; Kelly et al. 1999; Brown et al. 2008; Pagetral. 2010).

At the cellular level, circadian oscillations angven via rhythmic expression of so
called clock genes and their protein products. dibek proteins control expression of their
own genes as well as other genes encoding varianscription factors (reviewed in
Takahashi et al. 2008) (see chapter 2.2). As aromg of this mechanism, up to 10% of
the transcriptome is under circadian control (Redztyal. 2006). Some of these
rhythmically driven genes are crucial for metabuliscell cycle and immune response.
Therefore, disruptions of the circadian regulateme associated with various diseases

(reviewed in Hastings et al. 2003) (see chapter 2.4
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2.2 Molecular mechanism

At the molecular level, circadian oscillations amven in almost every cell of the
body via rhythmic expression of clock genes andrthatoregulatory transcriptional-
translational feedback loopsn Imammals, positive elements of the primary negativ
feedback loop are proteins CLOCK and BMA(Kling et al. 1997Hogenesch et al. 1998)
Negative elements are three PER proteins (PER12PBER3) and two CRY proteins
(CRY1, CRY2). During the late night;, CLOCK and BMALproteins accumulate in
cytoplasm. They form heterodimers which translotateucleus and activate transcription
of Per andCry genes via binding to their E-box sequences (Gsketkal. 1998; Bunger et
al. 2000). The resulting PER and CRY proteins loelienerize and repress the activity of
CLOCK:BMAL1 complex. By this mechanism PER:CRY cde¥inhibit transcription of
it’s own genes and therefore form a negative lirhibhe autoregulatory feedback loop
(Shearman et al. 1997; Kume et al. 1999; Okamural.et999; Vitaterna et al. 1999).
During the night, the PER:CRY complex is degrade® CLOCK:BMALL1 can therefore
activate a new cycle of transcription.

In addition to the primaryegative feedback loop, a secondary feedback wioph
makes the clockwork more robust and precise islu@bin the clockwork regulation.
GenesRev-erla and RORx also contain E-box sequences, therefore their ¢rgoi®n is
driven directly by the CLOCK:BMAL1 heterodimer. Tihg@rotein products compete for
ROR response elements in tiamall promoter. While ROR enhances thé8mall
transcription, REV-ERB represses it (see fig. 1).

Besides the transcriptional regulation, post-translational mficdtions and
degradation of clock proteins are crucial stepsherprecisity of the circadian clockwork.
A key role in post-translational modifications dback protein stability play casein kinases
Ckls andCklo. They phosphorylatBER proteins which modifies the ability of PER:CRY
complex to enter the nucleus. Moreover, phosphtioylaof PER results in it's rapid
degradation, which is dependent on the ubiquitotgasome pathway (Lee et al. 2001;
Akashi et al. 2002).

Transcription of numerous genes is regulated byitvadian clock. These genes are
called clock-controlled genes (Ccgs) and are resptanfor ouput rhythms because they
are involved in various pathways regulating metabo/ cell cycle or immune response

(rewieved in Reppert and Weaver 2001). Some ofetlgsnes are activated directly by
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clock genes via their E-boxes [e.g. hormone andateansmitter arginin vasopresin (Avp)
or a transcription factor albumin D-site bindingof@in (DBP)], while the others are

regulated indirectly.

Figure 1: Simplified model of molecular mechanisiintlee circadian clockwork in

mammals. (from Ko and Takahashi 2006)

Heterodimers CLOCK:BMALL1 activate transcription@gs, which are responsible
for rhytmic outputs and of clock genes Per, Cryy-Bdxn and Ror. Phosphorylated
complexes of PER:CRY bind to heterodimers CLOCK:BM#nd inhibit transcription of
their own genes. Additional feedback loop involwvdsbition of Bmall transcription via
REV-ERB and it’s activation via RQOR For further details see chapter 2.2.
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2.3 Hierarchy of the circadian system

In mammals, the central oscillator is located i@ sluprachiasmatic nuclei (SCN) in
the hypothalamus (Ralph et al. 1990). However, atnewery cell in the body contains its
own oscillatory mechanism. These oscillators arerred to as peripheral clocks or
oscillators. They are capable of generating sedfesning oscillations, however, they
require neuronal and humoral cues from the SCNdmtain the same phase at the organ
or tissue level (Akhtar et al. 2002; Yoo et al. 2D(see fig. 2).

Since the central oscillator is located deep inkitaen, its function in humans can be
evaluated only indirgly. Output rhythms, like body temperature or honadevels, which
are driven by the central clock are therefore we®edharkers of the functional state of the
SCN. The fact that circadian molecular mechanisprésent in most cells throughout the
body enables also investigations of human periphel@ks that are accessible for

sampling.
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Fig 2: Hierarchy of the circadian system (from Ddoret al. 2010)

The central clock in SCN sends direct neuronal hachoral signals to peripheral
clocks. Moreover, the SCN rule the rest-activitgleyand body temperature cycle. The
rest-activity cycle influences not only the bodynperature but also the timing of food
intake. The feeding-fasting cycle than rules tusmowf metabolites and food-related
hormones. All these factors act together as syméhnug cues for peripheral clocks (for
more details see chapters 2.3 and 2.4).
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2.4 Circadian entrainment and it’s misalignment

The circadian rhythms are entrained to the 24-logdesf the solar day, namely by
the light/dark (LD) cycle. The light signal is tsduced directly from the retina to the
central clock in the SCN (Moore 1996). The periddhythmic processes in the SCN is
therefore entrained by the solar day. This inforamis then sent downstream to the
peripheral oscillators. When the rhythmic light g is lacking due to exposure to
constant dark (dark/dark; DD), the biological clacks with the endogenous period tau.
On the other hand, prolonged exposure to congnit (light/light; LL) disrupts theovert
rhythmicity due to desynchronization among indingatl8CN neurons (Ohta et al. 2005).

The SCN are also entrainable by cues of a non-plookyin, though these cues are
much less efficient than the LD cycle. For examgle human SCN clock may be
entrained by administration of melatonin in a mantependent on the time of delivery
(reviewed in Arendt 2006). Melatonin is a hormoeéased from the pineal gland in a
rhythmic manner. The rhythm is a direct outputha tentral circadian clock (see chapter
2.5 and fig. 3). The changes in melatonin levets/jole the organism with information not
only about the time of day but also about the seédloerova 1991).

In contrast to the central clock, peripheral ckbeke sensitive to changes in food
intake regime (reviewed in Schibler et al. 2003hder natural conditions, the timing of
locomotor activity and food intake is controlled tiye SCN (see fig. 2). However, people
in modern society often need to adapt their belmawiozarious socioeconomic demands,
which forces them to be active during the nightrsoliypically, this situation occurs with
shift workers. When they eat at night, their peeiah oscillators might receive conflicting
information about the time of the day. Signals frtta SCN are dominantly entrained by
the LD cycle whereas the food-processing signadssat by food intake at an improper
time of day. Such a situation may cause internal/gehrony within the circadian system
of the shift worker and result in aberrant tempocahtrol of various physiological
processes. The same problem may also occur in rsumiin temporal disruption of the
sleep/wake cycle, such as those suffering from aled circadian sleep disorders like
advanced sleep phase syndrome, delayed sleep gladeome, irregular sleep-wake
rhythm, or a free-running sleep/wake cycle (revigweDodson and Zee 2010), when they

are forced to adapt their behavior according tardéisé of the society.

15



Internal desynchrony of the circadian system caméeced in laboratory conditions
in animal models by their exposure to restrictegtlfieg regime (RF). It means that they
have access to food only for few hours during tlagtiche when they are normally
inactive. In adults rats, the RF entrains rhythms in clockegexpression in peripheral
organs, e.g., in the liver, heart, intestine, diat, does not affect rhythmicity in the SCN
(Damiola et al. 20005tokkan et al. 2001; Sladek et al. 2007).

In humans, the tight relationship between the diaasystem and metabolism or the
cell cycle has been experimentally proven in matudies (reviwed in Savvidis and
Koutsilieris 2012; Masri and Sassone-Corsi 2013)er&fore it is not surprising that
misalignment of the inner clock has been associatgt disorders like metabolic
syndrome, obesity, type 2 diabetes, cardiovasditmases (reviewed in Bray and Young
2007) and various types of cancer, namely the bezascer (Megdal et al. 2005; Kubo et
al. 2006). In addition, circadian abnormalities éaveen connected with psychiatric
disorders like seasonal affective disorder, magpressive disorder, bipolar disorder (for
rewiev see Lamont et al. 2010; Bunney and Potki®82@&nd neurological disorders, e.g.
attention deficit hyperactivity disorder (ADHD) (Beurgeois et al. 2004; Van der Heijden
et al. 2005Novakova et al. 2011 or Smith-Magenis syndrom (SMS) (Smith et al. 1898
1998b; Potocki et al. 2000; De Leersnyder et ab32M@e Leersnyder 2008lovakova et
al. 2012.

2.5 Melatonin

Melatonin is the most commonly used marker of thecfional state of the
circadian system, because its secretion from theagpigland is governed directly by the
SCN and its levels exhibit a robust rhythm with lewvels during the day and high levels
during the night (reviewed in Arendt 2006). Impottg, secretion of melatonin is resistant
to external and internal cues, except for lightasyve. Light suppresses melatonin levels
in a dose-dependent manner (Lewy and Sack 198%zefegt al. 2000), and even low-
intensity light may be effective (Bojkowski et d987). However, when humans are
shielded from exposure to external light, the daitgfile of melatonin levels provide a
precise marker of the SCN clock function. The asel decline in melatonin levels may

signal the beginning and end of th#bjective night (reviewed in Arendt 2006).
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Melatonin can be detected in saliva and blood, and its métab 6-
sulfatoxymelatonin in urine. Although plasma levefsmelatonin are generally 3 to 10
times higher than those found in saliva (Voultsatsal. 1997; de Almeida et al. 2011),
determination of salivary melatonin is advantageauscases when a non-invasive

procedure is needed.

Fig 3: Light inhibition of melatonin secretion frothe pineal gland (from Omar et Nabi,
2010)

Light signal from retinal photosensitive cells godsectly to the SCN via
retinohypothalamic tract. Neurons from the SCN ecojto the pineal gland via

hypothalamic paraventricular nucleus and superiervical ganglion.

Retinohypothalamic
tract

Suprachiasmatic nucleus
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2.6 Chronotype

Extensive research on human circadian behaviorategiethat individuals differ
significantly in their specific temporal relationgho the external LD cycle (for a review
see Roenneberg et al. 2007). Although exposed ndlasi environmental lighting
conditions, some individuals prefer going to bedieaand some later than others, which
is referred to as various chronotypes. In fact, difeerences are so significant that the
extremely early chronotypes may wake up when themely late ones fall aslegpeople
with extremely early and extremely late chronotygiéfer not only in timing of their sleep
but also in timing of their melatonin and cortiselcretion and body temperature rhythms
(Duffy et al. 1999; Liu et al. 2000; Bailey and Hemper 2001; Roemer et al. 2003).

Chronotype is influenced by environmental, socrad @enetic factors (Toh et al.
2001; Archer et al. 2003; 2008; Carpen et al. 2008 selow et al. 2006; Barclay et al.
2010; Osland et al. 2011). The mechanisms undeylghis aspect of human entrainment
have not yet been fully understood. It has beengestgd that chronotype is likely
associated with the endogenous period length bedads/iduals whose clock is running
with longer periods tend to be later chronotypesffpet al. 2001; Brown et al. 2005;
Brown et al. 2008; Emens et al. 2009; Pagani é2CGdl0). The intensity and duration of the
actual exposure to light also plays an importafeé no maintaining the clock in a proper
phase relationship with the external LD cycle (eswed in Roenneberg and Merrow 2007).

Moreover, chronotype is not uniform throughout tifie but changes remarkably
with age (Roenneberg et al. 2004; Roenneberg &X08i7) (see fig. 4). Chronotype also
appears to be dependent on gender because in lgeneratend to be later chronotypes
than women (reviewed in Roenneberg and Merrow 200Herefore, the factors

determining the individual chronotype might be veoynplex.
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Fig 4: Chronotype is dependent on age and sex (Roenneberg et al. 2007)

Black dots represent females, white dots maley, lgre mean of both groups. The

midpoint of sleep on free days (MSF) represents aaken of individual chronotype
(Roenneberg et al. 2004).
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2.7 Ontogenesis of the circadian system

2.7.1 Ontogenesis of the circadian system in rats

The largest knowledge about ontogenesis of theadian system comes from
rodent models. In rats, the prenatal period labmuti22 days. The SCN start to form
morphologically between embryonic days 14 and I8 {972). Only sparse synapses
among the SCN neurons are detectable during theagaeand early postnatal period.
Therefore, during the prenatal period, the mulglemtercellular coupling important for
complete functionality of the adult SCN clock iopably not yet present. The number of
synapses gradually increases until about the pastday 10, when the circadian system
becomes fully functional and independent of matesngnalling (Moore and Bernstein
1989).

During the embryonic development, maternal cuesresponsible for setting the
developing clock, while during postnatal developméme LD cycle gradually overcomes
the maternal signalling (for review see Sumova let2812). Prenatally, timing of the
maternal behavior, which is entrained by the LDIley®ittendrigh 1981) may provide
fetuses with information about the external tima kbth neuronal and humoral maternal
cues (Reppert and Schwartz 1984).

The rhythmic signaling from the maternal SCN to fetuses can be disrupted
either by exposure of pregnant rats to LL or byrti&N lesion. Under these conditions,
rhythms in SCN of individual pups maintain intaabwever they become desynchronized
within a litter (Davis and Gorski 1985; Reppert @chwartz 1986; Shibata and Moore
1988). Therefore, maternal SCN are apparently aoéssary for the development of pup’s
functional clock mechanisnper se however, they ensure the synchronization among
individual pups.

Peripheral clocks begin to exhibit rhythmicity ipgmdent of each other at various
developmental stages. During the early postnataest the peripheral clocks are set or
driven by maternal feeding. Later, when the pugmstral clock becomes fully functional,

it begins to entrain the periphery (reviewed in Suénet al. 2012).
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2.7.2 Ontogenesis of the circadian system in humans

The kowledge about ontogenesis of the circadiatesysn humans is still very
incomplete. However, already during the end of ajest, diurnal rhythms in fetal heart
rate and cortisol secretion were found (Lunsho&letl998, Seron-Ferré et al. 2001). In
newborns, there is a progressive maturation of ¢headian system outputs, with
pronounced rhythms in sleep-wake cycle and melatsecretion at about 3 months of age
(reviewed in Kennaway 2000). The nighttime melatoleivels are generally low during
the first 3 - 6 months, increase to a peak valué at3 years, and then slowly decline
(Waldhauser and Steger 1986; Salti et al. 2000djfran et al. 2005).

Human infants are able to detect light even whesy thre born before term
(Robinson and Fielder 1990). The knowledge aboaititiht sensitivity of infants is now
being introduced to clinical praxis. Normally, nated intensive care units, where preterm
infants are placed, use constant lighting. Howeitenas proven that when the preterm
newborns are exposed to the regime of 12h darkl&mdlight (LD 12:12), they gain
weight more quickly and develop rhythms in melatosecretion and rest-activity cycle
sooner than infants under LL conditions (Kennawale 1992; Rivkees et al. 2004,
Watanabe et al. 2013).

Keeping the circadian system intact seems to beiareven during the prenatal
period. It was shown that disruption of the cireedisystem of the mothers during
pregnancy by rotating shift work may result in lowmeeight of newborn infants (Lin et al.
2011).

2.8 Neuropsychiatric disorders associated with distruption of the
circadian system

As mentioned in chapter 2.4, misaligment of theadian system is associated not
only with metabolic disorders and tumorigenesis, but alsth wleep disorders, and
neuropsychiatric disorders like seasonal affectN®order, major depressive disorder,
bipolar disorder, ADHD or SMS. One of the aims of thesis was to analyze in detail
functional state of the circadian system in paiemth ADHD and SMS.
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2.8.1 Attention deficit hyperactivity disorder

ADHD is the most common childhood neurobehaviorsbrier with the prevalence
about 5,3 % in schoolchildren (Polanczyk and Rak@@7). The disorder is characterized
by inattention, hyperactivity, and impulsivity.

Sleep disturbances in ADHD patients, such as clamngahe sleep architecture,
increased daytime sleepiness, higher sleep-onseicks and lower sleep efficiency, have
been reported in some, but not all studies (LeBenigyet al. 2004; Van der Heijden et al.
2005; Kopekova et al. 2008). Moreover, it was reported th@ymorphisms in clock gene
Clock might be associated wita greater risk of ADHD (Kissling et al. 2008). éde
findings suggest that a disruption of the circadiarekeeping system might be involved in
the development of ADHD.

2.8.2 Smith-Magenis syndrome

SMS is a rare mental retardation syndrome (Smithalet1986) caused by a
heterozygous interstitial deletion of chromosomp11l72 (Greenberg et al. 1991; Juyal et
al. 1996). All patients with SMS have some degréelevelopmental delay and mental
retardation with intelligence quotient scores raggbetween 35 and 78. A short stature
and brachycephaly are typical physical featureddveed in De Leersnyder 2006).

Behaviourally, SMS patients exhibit aggressivitgelf-injurious behaviour,
hyperactivity with attentiomeficit and low sensitivity to pairkrom the circadian point of
view, patients suffer from severe sleep disturbande some studies, nearly inverted
melatonin profiles with low levels during the niglwd high levels during the day were
found (Smith et al. 1998a; 1998b; Potocki et alD@0De Leersnyder et al. 2001; 2003;
2006). This anomaly has been attributed to eithedisaupted clock mechanism or
alterations in the clock input and output pathwaise high melatonin levels during the
day indicate not only aberations in circadian ragah but also the impairment of

melatonin supression by light (De Leersnyder 2006).
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3 AIMS OF THE THESIS

We focused on three main topics during my PhD studi

1. Entrainment of the fetal SCN by restricted feedingschedule of pregnant rats

We aimed to ascertain whether exposure of pregadsto RF is able to entrain the
circadian clock in the SCN of their fetuses duritige prenatal developmente
hypothesized that maternal signals from the SCNhtn@pmpete with food processing
signals for entraining the fetal SCN clock. To téms$ competition, pregnant rats were fed
ad libitumor exposed to RF during the whole pregnancy eitiheler an LD regime, when
the rhythmic signaling from the maternal to fet@iNwas present, or under LL, when the

rhythmic signaling from the maternal to fetal SCllsrisupposed to be abolished.

2. Alterations of the circadian system in children wih neuropsychiatric disorders

We studied the circadian system in children withropsychiatric disorders, namely
with ADHD and SMS.

We wanted to ascertain whether the circadian systeADHD children differ from
that of control children and how the system dewelapth age in both these groups of
children.

In SMS patients, we aimed to find out whether tlees and melatonin production
anomalies previously reported in the literature raydue to an alteration of the molecular
mechanism of the circadian clock.

3. Variances of the circadian system in humans with éseme chronotype

We aimed to elucidate whether the changes in tigenal timing of extremely early
and late chronotypes, as expressed by phases iofntigpoint of sleep and melatonin
secretion, can also be detected at the molecutankwiork level in subjects examined
under real-life conditions. Moreover, we wantedgstertain whetheand how the phasing

of the peripheral clocks correlate with melatoniofipes.
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4 METHODS

4.1 Methods used in human studies

4.1.1 Participants

The ADHD subjects were recruited from the DepartneéiPsychiatry, T Faculty of
Medicine and General Teaching Hospital in Pragu®HBR was diagnosed by two
independent child psychiatrists by means of a etalinical interview, which included a
structured psychiatric examination, i.e., Childee®sychiatric Rating Scale (Fish, 1985),
and the DSM-IV-TR diagnostic criteria for ADHDO.he ADHD subjects had not been
previously pharmacologically treated for ADHD antey had not exhibited any
psychotropic comorbidity. At the time of the studyey had not received any medication
for a general comorbidity. Only children fulfillinthe criteria for the combined type of
ADHD were enrolled in the study. In total, 34 cihdd with ADHD and 43 control healthy
children aged 6-12 years participated in the study.

The children with SMS were examined and diagnosetiea Pediatric Ward of the
Department of Neurology, *1Faculty of Medicine and General Teaching Hospital
Prague. In all SMS patients, genetic examinati@ved deletion of chromosome 17p11.2,
and all exhibited the characteristic clinical feagi They were free from medication for at
least 2 weeks before and during the sampling penaith the exception of antiepileptic
drugs in one patient. 5 children with SMS aged 3yg&drs and 5 healthy, age and sex
matched control children participated in the study.

The healthy control children in both studies weee ffrom any medication and sleep
disturbances, as assessed by questioning themtpare

In the last study, 95dalthy adult subjects werdhronotyped with use of a modified
Munich ChronoType Questionaire (Roenneberg etG)3p From these volunteers, 6 with
the earliest and 6 with the latest chronotype veelected for the studyrhe midpoint of
sleep on the free days (MSF) was used as a mafkedigidual chronotype (Roenneberg
et al. 2004).
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4.1.2 Saliva and buccal srubs collection

Studies were performed under real-life conditiomkich reveal the actual state of
the circadian system in subjects because theyxgresed to various environmental and
social factors that vary from day to day. Before tiollection of samples, subjects were
asked to behave normally, i.e., to keep their r@gsleep/wake schedule, maintain their
activity and go to work or attend the school. T@idvnasking factors that might acutely
affect the marker used for assessment of the cacaglystem, sampling was performed
under semi-controlled conditions. One week priar study, the subjects were asked to
avoid switching on the lights at night. During thight of sampling, only a dim light of
intensity lower than 20 lux was allowed. Drinkinfg@holic and caffeinated beverages,
using chewing gum and brushing teeth were proldhiiging the entire day of sampling. 1
h before each sampling, no eating or drinking wiasvad.

Samples of saliva and buccal mucosa were collestedy 2 - 4 hours during the 24
h period. Saliva samples were collected eitherctiranto the test tube or with cotton
swabs.Immediatelly after the saliva collection, buccalecosa samples were obtained by
gently scratching of the inner cheek on both sigesg a cytological brush

Children in the ADHD study provided only samplessafiva every 2 hours during
the 24h period. The protocol was approved by thecEt and Research Committee 6f 1
Faculty of Medicine and General Teaching HospRague, Czech Republic, and were in
agreement with the Declaration of Helsinki.

Children in the SMS study and adults with extrerheonotypes provided both
saliva and buccal srub samples every 4 hours duhaeg4-h period. The protocol and
consent form were approved by the Ethical CommitiE¢he Institute of Physiology,
Academy of Sciences of the Czech Republic, and weegreement with the Declaration

of Helsinki.

4.1.3 Radioimmunoassay detection of melatonin levels in saliva

The saliva samples were stored at —20°C until asBag Blihlmann Direct Saliva
Melatonin Radio Immunoassay test kit (Buhlman Labanes, Schonenbuch, Switzerland)
was used for measuring melatonin in the samples thgquble-antibody radioimmunoassay
based on the Kennaway G 280 anti-melatonin antii®d@ughan, 1993). Samples were

assayed in duplicates unless the probands werabt®to provide a sufficient volume of
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saliva. The intra-assay coefficient of variatiom $ample concentration of 20,9 pg/ml was
5,9%. The mean interassay coefficient was 9,8%theadimit of assay detection was 0,2

pg/ml.

4.1.4 Quantification of clock gene expression by qRT PCR

Buccal mucosa samples were collected into RNAleagent (Sigma-Aldrich, St.
Louis, USA) at room temperature and were then raaiatl at —20°C until assay.

The mRNA was isolated with the Dynabeads mRNA RiMro Kit (Invitrogen,
Carlsbad, California, USA). cDNA was generated gsihe SuperScript VILO cDNA
Synthesis Kit (Invitrogen) in 1QL reactions. The cDNA was then diluted 1:2 with Rila
free water and 1L was used for each LightCycler (Roche, Basel, &wiand) PCR
reaction in glass capillary tubes. The capillaryetsi also contained 1x SYBR green PCR
Mix (Sigma-Aldrich) and primers (M) for a clock geneRerl, Per2, Rev-etl) or a
housekeeping gen82M, GAPDH.

The PCR reactions were amplified in a LightCycl€r gRoche) during 50 cycles of
15 s of denaturation at 94°C, 20 s of annealig0aC, and 10 s of elongation at 72°C. At
the end of each run, a melting curve analysis ves®pned to ascertain the presence of a
single amplicon. Standard curves were generatecedoh PCR run from the serially
diluted cDNA of a human fibroblast cell line. THadshold cycles were quantified using
LightCycler Analysis software version 3.5 (Rochéd the second derivative maximum
method. The levels of expression Bérl, Per2 and Rev-erla were normalized to the
expression of each of the housekeeping gene GAPDH andB2M, separately and the
arithmetic mean of the relative expression was utaled. The identity of the PCR

products was verified by sequencing.

4.2 Methods used in animal studies

4.2.1 Experimental animals

Prior to the experiment, adult female Wistar r&@®T{est s.r.o., Konarovice, Czech
Republic) were fedad libitum and maintained at a temperature of 23 + 2 °C under
LD12:12. Light was provided by overhead 40-W flument tubes. lllumination was

between 50 and 200 lux depending on the cage positithe animal room.
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After the female rats were mated with males, pragmats were divided into 4
groups. Two groups remained under the previous LIPLRgime, and rats were either fed
ad libitumor subjected to RF. The other two groups were sgg@do LL, so that light was
not switched off in the evening, and rats wereegitled ad libitum or subjected to RF.
During the RF regime, rats had access to food @orya 6-h interval, starting 3 h and
ending 9 h after the current and original lights m@spectively. All groups had unlimited

access to drinking water during the whole experimen

4.2.2 Locomotor activity monitoring of the rats

Locomotor activity of the pregnant rats was momtbas a marker of their SCN
function. Rats were maintained individually in cagequipped with infrared movement
detectors attached above the center of the cagevtuph enabled detection of locomotor
activity across the whole cage. A circadian adtiwitonitoring system (Dr. H.M. Cooper,
INSERM, France) was used to measure activity eveiypiute, and double-plotted
actograms were generated for visualization of da&sulting data, including calculations
of the chisquare periodograms with p < 0,001, wamalyzed using ClockLab toolbox

(Actimetrics, lllinois).

4.2.3 In situ hybridization

The daily rhythms in the expression@fosmRNA andAvp hnRNA were measured
by in-situ hybridization to detect the phase of the SCN clotkpups during the first
postnatal dayAvp andc-foswere chosen as markers of the pup’s circadiaemsysecause
these genes are known to cycle with a high ammitwtiereas the clock genes oscilate
only slightly during this early developmental stg@adek et al. 2004; Kovkova et al.
2006).

Newborn pups were killed by rapid decapitation. Wiele heads were immediately
frozen on dry ice and stored @0°C. They were sectioned into 5 series of 12-mickth
slices in an alternating order throughout the wholgtrocaudal extent of the SCN. The
cDNA fragments of ratc-fos and Avp genes were used as templates iforvitro
transcription of*>S-UTP labeled complementary RNA probes. The braittiens were
hybridized with the probe for 20 h at 60°C. Follagia posthybridization wash, the

sections were dehydrated in ethanol and dried.nAéieds, the slides were exposed to
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BIOMAX MR film (Kodak) for 10 to 14 days and develed using the ADEFO-MIX-S
developer and ADEFOFIX fixer (ADEFO-CHEMIE Gmbh, dzenbach, Germany).
Finally, slides were counterstained with cresylletido check the presence and midcaudal
position of the SCN in each section.

Autoradiographs of sections were analyzed usingmage analysis system (Image
Pro, Olympus, New Hyde Park, NY) to detect relatypdical density (OD) of the specific
hybridization signal. In each animal, mMRNA or hnRMAs quantified bilaterally, at the
midcaudal SCN section containing the strongestitligation signal. OD for each animal
was calculated as a mean of values for the leftragit SCN. Each measurement was
corrected for nonspecific background by subtract®ig values from the same adjacent
area in the hypothalamus. The background signathaf area served as an internal

standard; it was consistently low and did not eititarked changes with the time of day.

4.3 Statistical analysis

The data for the 24-h profiles of melatonin andcklgene expression levels were
depicted either individually or expressed as themme SEM for each group. The 24-h
profiles were analyzed by one-way or two-way arialyg variance (ANOVA) for time
and group differences with subsequent pairwise erispns by the Student-Newman-
Keuls multiple range test. Student’s t test waslueecompare maximal levels between the
groups, with p < 0,05 being required for significan

Moreover, the 24-h profiles were fitted with singlesine curves (Nelson et al.,
1979) defined by the equation Y = mesor + [amp&ab(zZ[X-acrophase]/wavelength)]
with a constant wavelength of 24 h. The least ssgieggression method was applied using
Prism 5 software (GraphPad, La Jolla, USA). Theopltase and coefficient of
determination R (i.e., the goodness of fit) were calculated. Th®phases of the profiles
were compared by Student’s t test and p < 0,05re@qred for significance.

For more detailed informations, please see thelathpublications.
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6 RESULTS

6.1 Entrainment of the fetal SCN by restricted feeding schedule of
pregnant rats

For detailed information and figures, please see thattached publication

NOVAKOVA, M, M SLADEK and A SUMOVA, 2010. Exposuref pregnant rats to
restricted feeding schedule synchronizes the S@iksl of their fetuses under constant
light but not under a light-dark regim&Biol Rhytmhsvol. 25, pp. 350-360. IF 3,385

First of all, we looked at the locomotor activity pregnant rats to evaluate the
functional state of their SCN. Pregnant rats maweth under LD12:12 and feat libitum
were active mostly during the dark period of the ¢&y2le. However, exposure of pregnant
rats to RF affected their circadian locomotor attivThe rats became active not only
during the dark period but also during the timéoafd availability.

Pregnant rats fedd libitum and exposed to LL during pregnancy showed discupte
pattern of their locomotor activity. Their locomotactivity free ran with a period of 25,3 +
0,3 h during the first two weeks of pregnancy. Afterds, they became gradually totally
arrhythmic. On the other hand, pregnant rats maethon LL and exposed to RF
exhibited rhytmic pattern in locomotor activity witncreased activity during the time of
food availability. That means that RF was able tonim the circadian rhythm in the
locomotor activity of the rats. Due to the food s#ece during the day, the phase of the
rhythm in locomotor activity was in antiphase comgaawith control rats maintained under
LD and fedad libitum

As a next step, we measured expression-fafs and Avp in the SCN of newborn
pups. Under LD regime, expression of both gendgbhenSCN was rhytmical in pups born
to mothers fedad libitumas well as in pups born to mothers which were sggdo RF.
Moreover, the phase of gene expression did noterdiffetween these two groups.
Therefore, our results revealed that exposure egrant rats maintained under LD12:12 to
RF did not affect the-fosor theAvp expression rhythms in the SCN of newborn pups.

In contrast, exposure of pregnant rats &edlibitumto LL abolished the rhythms in
c-fosandAvp expression in the SCN of their newborn pups. Haresignificant rhythms
in c-fosandAvp expression were detected in the SCN of pups mmadthers maintained
under LL and exposed to RF. The amplitude of thghrhs was lower than for control
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group kept in LD and fedd libitum and the maximum was in antiphase. Therefore, the
results demonstrate that under LL, rhythm of th®s and Avp expression in SCN of

newborn pups were entrained by exposure of thethems to RF.

6.2 Alterations of the circadian system in children with
neuropsychiatric disorders

For detailed information and figures, please see #hattached publications

NOVAKOVA, M, | PACLT, R PTACEK, H KUZELOVA, | HAJEK and A SUMOVA,

2011. Salivary melatonin rhythm as a marker of dineadian system in healthy children

and those with attention-deficit/hyperactivity dider. Chronobiol Int vol. 28, pp. 630—
637.1F 3,591

NOVAKOVA, M, S NEVSIMALOVA, | PRIHODOVA, M SLADEK and A SUMOVA,
2012. Alteration of the circadian clock in childremh Smith-Magenis syndromd. Clin
Endocrinol Metabvol. 97, pp. E312-318F 6,568

6.2.1 Alterations of the circadian system in children with ADHD

First of all, we wanted to ascertain how the melatgrofiles change with age in the
groups of ADHD and control children separately. fEfi@re, children from both groups
were divided into 3 subgroups according to thee @goups 6-7, 8-9 and 10-12 year-old).

In the control group, we found a phase delay ofatogin profile in the oldest
children, i.e. 10-12 year-old, compared with therygest ones, i.e. 6-7 year-old. However,
this trend did not hold true for the same age sulggs of ADHD children. Interestingly,
we found that in the 10-12 year-old ADHD subjeti® evening melatonin onset occurred
significantly later and the morning decline eartiean in the 6-7 year-old ADHD subjects.
Consequently, the melatonin signal was shortenddeimldest group of ADHD children as
compared with the youngest one.

Afterwards, we looked at differences in melatonmfites between the groups of
ADHD and control children. Comparison of maximallatenin levels between ADHD
and control children did not reveale any significdifference. The maximal melatonin
levels did not differ even when the children wengdd into the age subgroups. However,

when we looked at the waveform of melatonion semmeprofiles, we found significant
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alterations in the ADHD group compared to healthjdren. We found higher percentage
of irregular melatonin profiles in the ADHD group4@o) compared with the control group
(15%). Comparison of the waveforms of melatoninfifg® between the entire groups of
ADHD and control children (i.e., aged 6-12 yeamjealed only nonsignificant tendency
towards a later melatonin onset and an earlieebffs ADHD children as compared with

controls. However, this trend reached significancéhe oldest age group, i.e. in 10-12
year-old children. Therefore the duration of thetnmal melatonin signal was shortened

in 10-12 year-old ADHD children as compared witke-agatched controls.

6.2.2 Alterations of the circadian system in children with SMS

As expected, melatonin profiles in all control dnén exhibited low levels during
the daytime and high levels during the nighttima.t@e other hand, the melatonin profiles
of all SMS children showed different kinds of sevatterations, namely a phase reversion,
phase advance of the rise and decline of melatenels, and a suppression or complete
abolishment of the circadian rhythmicity.

Perl, Per2andRev-erbe clock gene expression in buccal epithelial ceXsilgted
circadian variations in all control and also SMSigrats. However, a detailed analysis of
the expression profiles of individual clock genegeaaled that although expressiorPafr2
was in phase with those dPerl and Rev-erbe in controls, the profiles were

desynchronized in SMS patients.

6.3 Variances of the circadian system in humans with extreme
chronotype

For detailed information and figures, please, sede attached publication

NOVAKOVA, M, M SLADEK and A SUMOVA, 2013. Human chnotype is determined
in bodily cells under real-life condition€hronobiol Int vol. 30, pp. 607-617F 3,591

The significant correlation between the phase efrtielatonin profile and timing of
MSF confirmed the classification of the subjectxomding to their chronotype. The
circadian phases of thHeerl, Per2and Rev-erla. expression profiles in the oral mucosa
were advanced in the early chronotypes compareld thibse in the late chronotypes.

Moreover, the acrophases &%rl, Per2 and Rev-erla expression profiles correlated
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significantly with the MSF of the individual subjsc The acrophases of thHeerl
expression profiles of individual subjects correthsignificantly also with the phases of
their melatonin profiles. For thPer2 and Rev-erla phases we found the same trend,
however it did not reach significance.

Our results demonstrate that the individual chrgpetin humans living in real-life
conditions affects not only the phasing of theydekelatonin rhythm in saliva but also the

phasing ofPerl, Per2andRev-erla clock gene expression profiles in buccal mucodla.ce
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/ DISCUSSION

In the animal study we focused on the entraininigoefof a periodic maternal
behavior and feeding on the fetal SCN. This effeas first observed in the SCN-lesioned
pregnant rats by Weaver and Reppert (1989), whadstrated that the circadian rhythm
in drinking was restored in pups born to motherposed to RF during gestation
independently of the postnatal care. Therefore simehronization was accomplished by
RF during the prenatal period.

In our study, we hypothesised, that in pregnan, reiignals from maternal SCN
(which are entrained by the LD cycle) and signatsnf the periodic maternal feeding
compete for entraining the fetal SCN. Our resutisweed that the circadian clock in the
fetal rat SCN is synchronized dominantly by sigmglfrom the maternal SCN. When the
maternal SCN is intact, it overpowers the signaedsnfRF. However, under situation when
maternal SCN rhythmicity is disturbed by prolongedosure to LL, periodic maternal
feeding and behavior might turn into a potent ening cue of the fetal SCN.

Nevertheless, the amplitude of the restored rhytivass much lower than that of the
rhythms found under LD conditions. Hence, the gtierof RF to entrain the fetal clock
seems to be much lower than the entraining stremigtiaternal SCN signaling.

When the SCN signaling remained intact, like ingm@nt rats maintained in the LD
regime, the phase and amplitude of thi®sandAvp expression rhythms in the fetal SCN
did not change due to exposure of pregnant raFoThis finding is not consistent with
data by Ohta et al. (2008), who reported on emnmaint of anin vitro rhythm in luciferase
activity in the fetal SCN oPerl-luctransgenic rats by maternal RF. The authors faund
4.7-h advance of the SCN rhythm in fetuses of nrstimeaintained in an LD cycle and
exposed to RF compared with fetuses of mothersatedibitum There were significant
methodological differences between the arrangemieotr study and the study of Ohta et
al. (2008) that might account for the differentamres. First of all, in the study of Ohta et
al. (2008), the food was restricted to only 4 h gy and animals were fasting on the day
before sampling. In our study, the food was ret&ddo 6 h per day, and it was provided
until the sampling. More importantly, we measurbd activity of the SCN in newborn
pupsin vivo, whereas Ohta et al. (2008) detected the rhythmis vitro explants taken
during the last day of gestation. Because the fettlSCN neurons did not exhibit
significant circadiarin vivo rhythmicity inPerlexpression in our previous studies (Sladek
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et al. 2004; Kovékova et al. 2006), we cannot exclude the possjbitiat thePerl-luc
rhythmicity observedn vitro by Ohta et al. (2008) might be facilitated by dtuning
procedure. The handling of explants may synchronimividual SCN cells in the
explanted tissue, and the rhythm might thus bectideearlier than it would be under
vivo conditions. Thereforein vivo conditions might provide more relevant information
about the real state of the circadian system imtha@le animal.

In a broader point of view, our results confirmélgiat intact circadian system of
pregnant mothers is necessary for correct developroé circadian system of their
newborns. Although we tested this hypothesis os, fililis might be hold valid also for
humans. Therefore, these findings underline theomapce of keeping regular daily

schedule during pregnancy.

In the human studies, our interest remained focusethe circadian system during
the early developmental stages. We aimed to asteh@a connections between circadian
system disruptions and neuropsychiatric disordechildren, namely ADHD and SMS.

First of all, we focused on age-dependent changései melatonin profiles in groups
of ADHD and control children separately. Intereghyy in both control and ADHD
children in the range of 6-12 years of age, peakatoein values did not decrease
significantly with age, a finding that is in disagment with the significant linear trend for
a decreasing melatonin peak with age found by Agenet al. (1985) and Cavallo (1992).
However, for this developmental period, study aldfeff et al. (2006) did not confirm a
significant decline of the urinary 6-sulfatoxymelain excretion rate with age. Moreover,
another study reported that although the interiddi@l differences in melatonin
production were huge, the levels remained constatiite same individuals observed from
childhood until adolescence (Griefahn et al. 2003).

When we looked at changes of the waveform of melatprofiles within the control
group, we found a significant phase delay in meliat@rofiles in 10-12 year-old children
compared with 6-7 year-old ones. In older childetater melatonin onset might correlate
with later bedtime (Taylor et al. 2005; Crowleya¢t2006).

On the contrary, in the ADHD group, we found laggening melatonin rise but also
earlier morning melatonin decline in 10-12 year-ohdldren as compared with 6-7 year-
old ones. This resulted in a shortening of the umoetl melatonin signal in the oldest
ADHD group.

36



As a next step, we compared melatonin profileshef ADHD children with the
control ones. Whereas ADHD children did not diffesm control children in melatonin
peaks, their 24-h melatonin profiles expressed iadi@ relative to the maximal melatonin
levels showed some alterations. In the entire gu@-12 year-old ADHD children, we
found a trend towards shortened duration of theumoal melatonin signal. This occured
due to a slight, but not significant, phase delathe evening melatonin rise and a phase
advance of the morning decline relative to the @rgroup. This trend was significantly
pronounced in the oldest group of 10-12 year-oltdodn. The morning melatonin decline
in the oldest ADHD group occured significantly @arlthan in the oldest control group.
This earlier time of the morning melatonin declinghe ADHD children compared with
the control children was not due to a change imtleening entraining conditions, as both
groups were adjusted to school classes startifg:80 h. Rather, the difference might be
due to a shortening of the endogenous melatonimakig ADHD children.

The nocturnal interval of high plasma melatoninelsvand low body temperature
may indicate the subjective biological night (Adsabh et al. 2003; lllnerova et al., 2000).
Extended periods of high plasma melatonin levely faailitate longer sleep. Hence, the
tendency towards a shortening of the melatoninasjgmmely in older ADHD children,
might be reflected in a tendency towards shoressduration. Indeed, in ADHD children
with sleep-onset insomnia not only delayed sleegebhut also delayed evening melatonin
rise was found (Van der Heijden et al. 2005).

Our results indicate that in older ADHD childreretBubjective biological night
might be shortened. Consequently, the sleep penigtit be shortened as well. The sleep
shortening and ensuing fatigue in ADHD children imtigartially contribute to symptoms

of the disease, i.e. inattention, irritability amgperactivity.

In the study with SMS children, we found the highdigtorted profiles of melatonin
secretion in all SMS children. However, only one tbé five SMS children studied
displayed a truly inverted melatonin rhythm wittginilevels during the daytime and low
levels during the nighttime according to the liteara (Potocki et al. 2000; De Leersnyder
et al. 2001; 2003; 2006). The rest of the subjbeis$ variable melatonin profiles, which
were either depressed, phase shifted relativerttras, or were fluctuating throughout the
day and night. Inverted melatonin rhythm was comsd a very distinctive feature of

SMS, even as a diagnostic marker. However, ourltegswhich are in agreement with
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recent studies of other groups (Boudreau et al92C0ik et al. 2010), do not fully support
this idea. Melatonin secretion profiles are mokelly severely disrupted, however, not
necessarily totally inverted in all SMS patients.

Anomalies in the 24-h melatonin profiles of the SBl#bjects have been attributed
either to an alteration of the SCN circadian clottk distorted pineal gland function, to
damped sensitivity of the melatonin productionigiht or to defective pathways mediating
temporal information from the clock to the pinedhrgl (for review see De Leersnyder
2006). In humans, it is difficult to directly tetbte integrity of the central clock in the SCN,
and, therefore, only output rhythms driven by thastar clock may serve as markers of
SCN function. The presence and normal phase o&diao rhythms in cortisol, growth
hormone and prolactin (for review see De Leersnyffl6), favored the possibility that
the central SCN clock is not affected in SMS pdsemowever, rhythms in growth
hormone and prolactin might also be related to ghann posture due to activity/rest
cycles and the fully endogenous nature of thesmboal rhythms still needs to be proven.

To elucidate the question of whether the circadigstem of SMS patients is intact
or distorted, we measured expession of clock g&we&, Per2and Rev-erla in buccal
mucosa cells. We found a desynchronization in pigast individual clock genes in the
SMS group. The expression profile of clock gétex2 was out of phase compared with
profiles of Perl and Rev-erla. Thereby it seems that the mucosal circadian clsck
apparently running in SMS subjects but might bes Isgnchronized with the external
environment, likely due to weaker signals from 8@N.

According to our results, it appears that melatatiythm disruptions reported in
SMS children don’t have their origin in distortedgal gland as previously hypothesised.
Since the disorganization of circadian rhythms ¥easd also at the level of clock gene
expression in peripheral cells, we hypothesise titatcentral oscilator in the SCN might
be less well organized and less robust and as seqaence might send weaker signals to
both the pineal gland and the peripheral organs.

In a recent study, Williams et al. (2012) studibeé tetinoic acid-induced gene 1
(RAI)), a transcription factor coded on a the deleted&3&gion (chromosome 17p11.2). A
point mutation iNRAI1 leads to phenotype similar to SMS (Slager et @032 Bi et al.
2004; 2006). Therefor&®All appears to be the critical gene for SMS phenotyiiams
et al. (2012) discovered thRiAIL is a positive transcriptional regulator of a canarock

geneClock Haploinsufiency oRAIl resulted in the transcriptional desregulationha t
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circadian clock in human fibroblasts and causedradt expression and regulation of
multiple circadian genes, includirRer2, Per3, CrylandBmall These results support the
hypothesis that the molecular clockwork in SMSlisrad.

Therefore it is possible that decrease or absehcecadian regulation of melatonin
levels shown in SMS patients might be due to aidech robustness of the central clock.
Because the central clock is directly entrainablelight, the light therapy (besides the
melatonin treatment) might become an effectivettneat for some sleep problems of
SMS children.

In the last study we focused on the circadian anan healthy adult subjects with
extreme chronotype.

We found out that not only the melatonin secreteerophases, but also the
acrophases of the clock gene expression profilesiroed earlier in individual subjects
with the early chronotypes compared with those with late chronotypes. This was
demonstrated for all three studied genes, Perl, Per2and Reverla. Moreover, the
correlation between MSF and both melatonin andkclpene expression acrophases was
proven for the groups of early and late chronotygsew/ell as for the individual subjects of
each group.

However, when the phases of clock gene expressese worrelated with the phase
of the melatonin profile in each individual, a sigrant correlation was observed only for
Perl expression. Therefore, whereRerl expression correlated with MSF and melatonin
profile, Per2 andReverla. expression only correlated with MSF but not witlke timing of
melatonin maximum. Theoretically, this might be $xdi by the fact that the sampling was
provided only in 4-h intervals, which represents mhain limitation of this study. However,
the sampling interval couldn’t be shorter to preéserbjects’ discomfort from oral mucosa
damage due to the repeated brushing to sampleubesal cells.

Nevertheless, all the data together demonstratectiranotype is not only reflected
in the phasing of the central clock in the SCN exgealed by the phase of the melatonin
secretion pattern, but also in the phasing of thapperal clocks as revealed by the
expression profiles dPerl, Per2andReverla. in buccal mucosa. Our study represents the
first demonstration that the human peripheral diaa clock may sense the individual’s

chronotype under field study conditions.
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Therefore, the results indicate that individualshwearly or late chronotypes have
their circadian system phased globally differentigmpared with major population.
Nevertheless, these individuals must often adagir thehavior to the social schedules
dictated by the majority. However, proper interphhsing of the circadian system that is
in synchony with the external environment appeausial for our health (for review see
Takahashi et al. 2008). The situation, when thermal clock is out of phase with the outer
world, which occurs when extreme chronotypes areefibto adapt to social time, is called
the social jet lag (Wittmann et al. 2006). Sociat |Jag more likely occurs in late
chronotypes, whose sleep onset is determined hyitimer clock but the wake-up time is
forced by social cues. Recently, accumulated dava Buggested that the late chronotypes
may be more susceptible to mood disorders (Kitaretiia. 2010). Moreover, chronotype
influences the individual tolerance to shift wokikhile late types usually struggle with
morning shifts, early types have troubles with nigiifts (Juda et al. 2013).

Therefore, understanding the mechanisms underltiieg chronotype in real life
appears important for human well-being and for a¢ing interactions of temporal timing
with various aspects of human behavior, brain fionst and physiological processes in

our body.
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8 CONCLUSIONS

1. Entrainment of the fetal SCN by restricted feedingschedule of pregnant rats

We proved that signals from maternal SCN are thm synchronizing cues for the
fetuses. However, under situation when maternal S@Gthmicity is disturbed by
prolonged exposure to constant light, periodic mmatefeeding might turn into a potent

entraining cue of the fetal SCN.

2. Alterations of the circadian system in children wih neuropsychiatric disorders

ADHD children did not differ from controls in theeans of maximal melatonin
levels. However, when the waveforms of melatonicrest@on profiles were compared, the
melatonin signal was shortened in ADHD children paned with controls, namely in the
oldest group. Therefore, our results indicate that0-12 year-old ADHD children, the
subjective biological night might be shorter congohwith age matched controls.

In children with SMS, the disorganization of cir@ad rhythms was found not only
in melatonin secretion profiles, but also in pedilof clock gene expression in peripheral
cells. Therefore it seems that in SMS patients, tfedecular clockwork of the central
oscilator in the SCN is probably less well orgadiz&nd less robust compared with

controls.

3. Variances of the circadian system in humans with éseme chronotype

We ascertainedhat chronotype is not only reflected at the levkekleep timing and
melatonin secretion, but also at the level of phgf the peripheral clock® subjects

examined under real-life conditions.
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9 RESUME

In my PhD thesis, | focused on the circadian systenng childhood in humans and
during early developmental stages in rats. Moreotteg functional state of circadian
system was studied in volunteers with extreme abtygoe and with neuropsychiatric
disorders, namely ADHD and SMS.

In the broader view, all the results together ulgiethe importance of maintainance
of the intact inner clock by keeping the regulailydeegime. Specially during pregnancy,
irregular feeding and light regime might resuleivberant development of newborn’s inner
clock.

Moreover, in humans with extreme chronotype, egigcin the late types, the
misalignment of inner clock with external environmenight occur. This misalignment
appears to be very complex, including not only itinester clock but also the peripheral
clock.

Finally, the demonstration of specific disruptiook the inner timing system in
neuropsychiatric disorders might be heplfull fovelepment of new treatments based on
chronotherapy, specially the light therapy. Chrbeocapy might turn out to be usefull

specially for treatment of sleep irregularities.
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