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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



2008

S143

Circadian Clocks during Ontogenesis

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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