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Abstract

Circadian rhythms of many body functions in mammals are controlled by a master pacemaker
residing in the hypothalamic suprachiasmatic nucleus (SCN) that synchronises peripheral oscillators.
The SCN and peripheral oscillators share several components of the molecular clockwork and
comprise transcriptional activators (BMAL1 and CLOCK/NPAS?) and inhibitors (mPER1/2 and
mMCRY1/2). Here we compared the ontogenetic maturation of the clockwork in the SCN and pars
tuberalis (PT). The PT is a peripheral oscillator that strongly depends on rhythmic melatonin signals.
Immunoreactions for clock gene proteins were determined in the SCN and PT at four different
timepoints during four differential stages of mouse ontogeny: foetal (embryonic day 18), newborn
(2-day-old), infantile (10-day-old), and adult. In the foetal SCN levels of immunoreactions of all
clock proteins were significantly lower as compared to adult levels except for BMALL1. In the
newborn SCN the clock protein immunoreactions had not yet reached adult levels, but the infantile
SCN showed similar levels of immunreactions as the adult. In contrast, immunoreactions for all clock
gene proteins in the foetal PT were as intense as in newborn, infantile, and adult and showed the
same phase. As the foetal pineal gland is not yet capable of rhythmic melatonin production, the
rhythms in clock gene proteins in the foetal PT are presumably dependent on the maternal melatonin
signal. Thus, our data provide the first evidence that maternal melatonin is important for establishing
and maintaining circadian rhythms in a foetal peripheral oscillator.
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Introduction

In mammals circadian rhythms in overt body functions which enable the organism to anticipate
and to adapt to the solar cycle are controlled by a master circadian rhythm generator located
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in the hypothalamic suprachiasmatic nucleus (SCN) that synchronises peripheral oscillators
(Reppert & Weaver, 2002). The molecular clockworks in the master and in peripheral
oscillators are under the control of feedback loops of clock genes (reviewed by Reppert &
Weaver, 2002). The positive regulators BMAL1 and CLOCK/NPAS2 (DeBruyne et al.,
2007) activate transcription of negative regulators, such as mMPER1/2 and mCRY1/2, as well
as clock-controlled output genes like Avp (Jin et al., 1999). The mPER and mCRY proteins
inhibit CLOCK:BMAL1-mediated transcription in a circadian manner (Lee et al., 2001;
Etchegaray et al., 2003). Circadian rhythms in clock gene expression in the SCN and in some
peripheral oscillators like the liver are self-sustained in the absence of rhythmic input (Yoo et
al., 2004). In contrast, other peripheral oscillators like the kidney require rhythmic input to
sustain rhythmicity and their rhythms damp out rapidly in vitro (Yoo et al., 2004). These
differences suggest that peripheral oscillators have different capacities for autonomous
oscillation and some are more dependent on rhythmic input signals than others. An excellent
model for a strongly input-dependent oscillator is the pars tuberalis (PT) of the anterior
pituitary. The rhythmic input needed to maintain rhythmic clock gene expression in the PT is
the hormone melatonin (Messager et al., 2001; von Gall et al., 2002, 2005; Jilg et al., 2005).

The aim of this study was to test the hypothesis that the development of clockwork properties
differs among the self-sustained circadian rhythm generator in the SCN and input-dependent
oscillators. Therefore, we compared the composition of the clockwork in the SCN and the
melatonin-dependent PT oscillator by determining the levels of immunoreactions for BMAL1,
CLOCK, mPER1/2, and CRY1/2 at four different ontogenetic stages and four circadian
timepoints.

In foetus we found a few SCN cells displaying circadian rhythms in mPER1- and mPER2-
immunoreactions. Cells displaying a circadian rhythm in the mCRY2 immunoreaction were
first observed in the newborn SCN. Ten days after birth the immunoreactions for these clock
gene proteins in the SCN showed adult patterns. In contrast, high-amplitude rhythms in
immunoreactions for mPER1, mPER2, mCRY1 and mCRY2 were already detected in the
foetal PT. These data show that the clockwork in the melatonin-dependent peripheral PT
oscillator matures during foetal life, whereas the clockwork in the circadian rhythm generator
of the SCN matures gradually during postnatal development. Thus, our study provides the first
evidence of a different ontogenetic maturation in the clockwork of a self-sustained circadian
rhythm generator and an input-dependent circadian oscillator.

Materials and Methods

Animals

Chemicals were obtained from Sigma-Aldrich (St. Louis, MO) if not indicated otherwise.

All animal experimentation reported in this manuscript was conducted in accordance with the
European Communities Council Directive (89/609/EEC). Timed pregnant female C3H/HeN
mice (6-10 weeks old) were obtained 8 days after mating (E8) with C3H/HeN males from
Charles River Wiga, Sulzfeld, Germany and kept in our animal facility. The mice were housed
in individual cages at constant room temperature on a 12:12 hours light (250 pW/cm?)/dark
(<15 pW/cm?) cycle and had access to food and water ad libitum. For studies in E18 mice, the
timed pregnant mice (E17) were transferred to constant darkness one day before
experimentation. For studies in P2 and P10 mice, the dams and the litter were transferred to
constant darkness one day or 9 days after delivery, respectively. Predicted lights-off was
defined as circadian time (CT) 12. Five animals of each developmental stage and time point
were analysed.

Eur J Neurosci. Author manuscript; available in PMC 2010 February 1.
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Morphological analysis of the developing SCN—Timed pregnant (adult), newborn
(P2), infantile (P10) and foetal (E18) C3H mice were decapitated at CT 06 (n=3/ontogenetic
stage). Whole heads of foetal and newborn mice and brains of infantile and adult mice were
fixed with 4% paraformaldehyde for 24 hours. Thereafter, the specimens were cyroprotected
with 20% sucrose overnight and sectioned in the coronal plane at 40 um on a freezing
microtome. Fifteen free-floating consecutive sections of the anterior hypothalamic region were
prepared from three mice of each developmental stage and stained with Mayer’s haematoxylin
solution (AppliChem, Darmstadt, Germany). All sections were stained together to minimise
variability. Sections were observed with a Zeiss microscope (Axioplan; 1003) equipped with
a video camera connected to a computerized image analysis system (VIDAS, Kontron, Eching,
Germany). NIH Image J software was used for image analyses. The mean nuclear area of SCN
cells was determined by measuring 50 cell nuclei in the plane of the nucleolus in three animals
of each developmental stage. The relative optical density (O.D.) of neuropil areas devoid of
cell nuclei was determined as background staining and used to define a threshold that was kept
constant for all further analyses. To determine the mean total number of cells within the
intermediate portion of one of the paired SCN, the total area of stained cell nuclei with a relative
0.D. above threshold was divided by the mean nuclear area (E18: 31x31 pixels; P2, P10 and
adult; 40x40 pixels). Differences in the number of cell nuclei for the four different
developmental stages were determined by one-way ANOVA followed by Bonferroni’s posthoc
test.

Immunohistochemistry

Timed pregnant (adult), foetal (E18), newborn (P2), and infantile (P10) C3H mice were killed
at CT00, CT06, CT12 and CT18 by decapitation (n=5 per timepoint and ontogenetic stage).
Whole heads of foetal and newborn mice and brains of adult mice were fixed with 4%
paraformaldehyde for 12 h, cryoprotected with 20% sucrose overnight and sectioned in the
coronal plane at 40 um on a freezing microtome. Free-floating sections were processed for
immunohistochemistry as previously described (von Gall et al., 1998) using an avidin-biotin
labelling method (Vector Laboratories, Burlingame, CA, USA) and diaminobenzidine as the
chromogen. For each experiment all sections were processed together to minimize variability.
Polyclonal antibodies raised in guinea pig against BMAL1, CLOCK, mPER1, mPER2,
mMCRY1 and mCRY2 as characterized by Lee et al., (2001, 2004) were used at a dilution of
1:500. To assess immunoreactions in the SCN and the PT, the number of immunoreactive cells
and the relative optical density (O.D.) were used respectively as described by Nuesslein-
Hildesheim et al. (2000), due to differences in the cellular distribution of clock gene proteins
among these tissues. Images were captured through a VIDAS system (Kontron, Munich,
Germany). Quantitative analysis of immunoreaction (IR) was accomplished using NIH ImageJ
software in a blind manner. The number of immunoreactive cell nuclei in the intermediate
aspect of the SCN was analysed as described (von Gall et al., 1998, 2003). The relative optical
density (O.D.) of non-specific background staining in neuropil areas devoid of cell nuclei was
used to define a threshold that was kept constant for all analyses. From each mouse two sections
through the intermediate portion of the SCN were analysed. To obtain the number of
immunoreactive cell nuclei, the total area of the IR with relative O.D. above threshold was
divided by the mean nuclear area (E18: 31x31 pixels; P2, P10, and adult: 40x40 pixels). The
nuclear localization of the IR was confirmed by immunocytochemical detection of clock gene
proteins using anti-guinea pig secondary antibodies conjugated to Cy3 (Molecular probes,
Eugene, OR) and Syto24 (Molecular probes, Eugene, OR) for nuclear staining (not shown).

The relative optical density of the nuclear IR in PT cell nuclei was determined as previously
described (von Gall et al., 2002, 2005, Jilg et al., 2005). Gray scale values between 0 (black)
and 255 (white) of the specific nuclear IR of at least randomly chosen 20 cell nuclei within the
PT region were averaged and corrected against the non-specific background staining in brain
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neuropil areas devoid of cell nuclei. Four PT sections per mouse were analysed for each protein
and averaged to give a single value for each animal. Data are expressed as the relative O.D. of
the nuclear IR relative to the highest nuclear staining intensity.

In situ hybridisation

The Avp cDNA fragment-containing plasmid (generously provided by Tom Sherman, Dept.
Physiology and Biophysics, Georgetown University 37th and O Street, Washington, DC
20057) was linearised with the respective restriction enzymes and used as template for sense
or anti-sense complementary RNA probes. 33P-labeled RNA probes were synthesised using
an in vitro transcription kit (MAXIscript Kit; Ambion, Austin, TX). Probe quality and size
were confirmed by 33P incorporation into TCA-precipitable material and by gel
electrophoresis. In situ hybridisation was performed as previously described (Jin et al.,
1999). Timed pregnant (adult), foetal (E18), and newborn (P2) C3H mice were killed at CT00,
CT06, CT12 and CT18 by decapitation (n=5/timepoint and ontogenetic stage). Whole heads
of foetal and newborn mice and brains of adult mice were removed immediately and frozen
by immersion in cooled (—20°C) 2-methylbutane. Coronal sections through the SCN region
(14 um) were cut in a cryostat, mounted on glass slides (SuperFrost® Plus, Braunschweig,
Germany), fixed in 4% paraformaldehyde, deproteinated with 0.2 N HCI, acetylated using
0.25% acetyl anhydride in 0.1 M triethanolamine, and finally air dried. Probes (50 pl at 107
cpm/ml) were applied to each slide. Slides were coverslipped and incubated in humidified
chambers overnight at 55°C. Slides were then washed in 2x SSC, then treated with 10 pg/ml
RNAse, and washed again with 2x SSC and twice more with 0.1x SSC at 53°C, and finally
twice more with 0.1x SSC at room temperature. After washing, slides were air dried and
exposed to Kodak BioMax MR film for 14 days.

For densitometric analyses of the hybridisation signals the films were digitised by an Epson
GT-15000 scanner and image analysis was performed with NIH Image J software. Gray scale
units (O=black, 255=white) of the specific autoradiographic signals within the SCN region
were corrected against the non-specific background signals in neuropil areas surrounding the
SCN. Four SCN sections per mouse were analysed and averaged to give a single value for each
animal. The location of the SCN was confirmed by staining the sections with haematoxylin.
Data are expressed as percent of relative O.D. (relative to the highest autoradiographic signal
intensity).

Statistical analyses

Results

Data are presented as the mean +/— SEM of five animals per time point and ontogenetic stage.
Statistical analysis was performed using Graph Pad Prism (Graph Pad, San Diego, CA, USA)
and Cosinor 6.3 software (Richelieu, France). The presence of circadian rhythms was
determined by a Single Cosinor test with a period of 24 h. Significant variations between time
points within one developmental stage were determined using one-way analysis of variance
(ANOVA), followed by Bonferroni’s post hoc test. Amplitudes of rhythms were analysed by
a Single Cosinor test and significant differences between the amplitudes of developmental
stages were analysed using one-way ANOVA followed by a Bonferroni’s post hoc test. Values
were considered significantly different with p < 0.05.

Morphological changes of the developing SCN

All data presented in this paragraph refer to the intermediate region of one of the paired SCN.
The mean size (area) of SCN cell nuclei was 3.4+/—0.1 um (31x31 pixels) in the foetus (E18)
and 5+/-1 pm (40x40 pixels) in the newborn (P2), infantile (P10) and adult mice. The mean
number of SCN cell nuclei within the intermediate portion of a single foetal SCN was
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significantly lower (p<0.001) in foetus (E18: 1075+/—22) than in newborn (P2: 1507+/-28),
infantile (P10: 1488+/-52) and adult (1423+/-19) (Table 2). The mean numbers of SCN cell
nuclei did not significantly differ among newborn, infantile and adult.

Clock gene proteins in the SCN during ontogenetic development

To determine the clockwork in the circadian rhythm generator of the SCN during ontogenetic
development, we analysed levels of BMAL1-, CLOCK-, mPER1-, mPER2-, mCRY1- and
MCRY 2-IR in the intermediate portion of the SCN in foetal (E18), newborn (P2), infantile
(P10), and adult (6—10-weeks old) C3H mice at four timepoints during the circadian cycle
(CTO00, 06, 12, 18).

At all developmental stages investigated the number of SCN cells with nuclear BMAL1-and
CLOCK-IR did not show a circadian rhythm (Tab. 1A). Furthermore, a high number of cells
with nuclear BMALL1-IR was already observed in the foetal SCN and this number remained
constant during further development (Figs. 1 and 4). In contrast, the number of SCN cells with
nuclear CLOCK-IR was significantly lower in E18 compared to P2 (p<0.001) and significantly
lower in P2 compared to adult (p<0.001) (Figs. 1 and 4). The number of SCN cells with
CLOCK-IR was not significantly different between infantile and adult (Figs. 1 and 4).

mPER1- and mPER2-IRs were both detected in SCN cell nuclei of foetal, newborn, infantile
and adult mice (Fig. 2). In the foetal and the newborn SCN mPER1- and mPER2-IR were
predominantly found in the dorsomedial region (Fig. 2). In all developmental stages the number
of SCN cells with nuclear mPER1- and mPER2-IR showed significant circadian rhythms with
apeak at CT12 (Fig. 4 and Tab. 1A). However, the amplitude of the mPER1 rhythm was
significantly lower in E18 compared to P2 (p<0.01) and in P2 compared to adult (p<0.001)
(Figs. 2 and 4). The amplitude of the mPER1 rhythm was not significantly different between
infantile and adult. The amplitude of the mPER2 rhythm was also significantly lower in E18
compared to P2 and adult (p<0.05). However, the amplitude of the mPER2 rhythm in newborn
and infantile was as high as in adult.

The number of SCN cells with nuclear mCRY1- and mCRY2-IRs showed a significant
circadian rhythm in infantile and adult mice peaking at CT12 (p<0.05) (Figs. 3 and 4). The
amplitudes of the mCRY1 and mCRY2 rhythms were not significantly different between the
infantile and adult SCN. SCN cells with nuclear mCRY 1-IR were also found in foetus and
newborn, but their number remained constant throughout the circadian cycle. The humber of
SCN cells with mCRY1-IR was significantly lower in foetal and newborn mice compared to
adult (p<0.001) (Figs. 3 and 4). SCN cells with nuclear mCRY2-IR were not detected in the
foetus, but were found in the newborn (Fig. 3). Here they were predominantly present in the
dorsomedial region and they showed a circadian rhythm peaking at CT12 (Fig. 4, Tab. 1A).
The amplitude of the circadian mCRY 2 rhythm was significantly lower in the newborn SCN
than in the infantile and the adult SCN (p<0.05).

Rhythmic Avp mRNA expression in the SCN during ontogenetic development

To evaluate whether the immature circadian pacemaker in the foetal SCN was sufficient to
drive rhythmic expression of output genes, we investigated Avp expression by in situ
hybridisation. In adult, foetus, and newborn Avp expression was strong and constitutive in the
supraoptic nucleus (SON) and much weaker, but rhythmic in the SCN (Fig. 5). In the adult
SCN Avp mRNA levels peaked at CT06 which is in line with a previous study (Jin et al.,
1999). Both the foetal and the newborn SCN showed circadian rhythms in Avp mRNA levels
with the same phase as the adult SCN (Fig. 5). The amplitude of the circadian Avp mRNA
rhythm was significantly lower in the foetal compared to the adult SCN (p<0.01); however,
this amplitude was not significantly different between the newborn and the adult SCN.
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Circadian rhythms in clock gene proteins in the foetal PT

To assess the ontogenetic development of the clockwork in the melatonin-dependent peripheral
oscillator in the PT, we analysed BMAL1-, CLOCK-, mPER1-, mPER2-, mCRY1- and
MCRY2-IR in the PT of foetal (E18), newborn (P2), infantile (P10) and adult C3H mice at
four circadian timepoints during the circadian cycle (CTOO, 06, 12, 18).

In the PT cells of all four developmental stages the six clock proteins showed a nuclear
localisation throughout the circadian cycle (Fig. 6) and the intensities of the immunoreactions
for the positive regulators BMAL1- and CLOCK were constantly high (Figs. 6 and 7).
Immunoreactions for the negative regulators mPER1, mPER2, and mCRY1 showed circadian
rhythms in the PT at all four developmental stages and peaked during subjective mid-day
(CTO06) (Figs. 6 and 7, Tab. 1B). The levels of BMAL1 and CLOCK and the amplitudes of
mPER1, mPER2, and mCRY1 were not significantly different for the four developmental
stages. Finally, mCRY 2-IR was rhythmic in the foetal, newborn and infantile PT but not in the
adult PT.

Discussion

In this study we compared the ontogenetic maturation of the clockwork in the self-sustained
circadian rhythm generator of the SCN and an input-dependent circadian oscillator, the
melatonin-dependent peripheralPT. Our data show that the clockwork in the self-sustained
circadian rhythm generator of the SCN matures gradually during postnatal life. In contrast, the
melatonin-dependent peripheral PT oscillator matures during foetal life. These data suggest
that the SCN that is capable of endogenous rhythm generation and peripheral circadian
oscillators that are driven by rhythmic input mature differentially during mouse ontogeny.

Previous ontogenetic studies of the circadian clock have focused on the detection of clock gene
mRNA levels by radioactive in situ hybridisation and have provided data at the level of the
whole SCN nuclei (Shimomura et al., 2001; Ohta et al., 2002; 2003; Kovacikova et al.,
2006; Sladek et al., 2007). In the present immunohistochemical study we investigated the
ontogenetic maturation of the SCN clockwork by determining the number of cells that display
immunoreactions for BMAL1, CLOCK, mPER1/2, and mCRY1/2 proteins at four different
ontogenetic stages and four different circadian timepoints and compared these results with
those obtained in the PT. This approach not only provides cellular and subcellular resolution
with high sensitivity but also yields information on the relevant players in the regulation of
circadian gene expression, the clock gene proteins.

In the foetal (E18) SCN, the number of cells with nuclear BMAL1- and CLOCK-IR remained
constant at all four timepoints investigated. These data from the foetus are consistent with
earlier studies in adult mice (Maywood et al., 2003; von Gall et al., 2003). The ratio between
BMALZ1-immunoreactive cells and the total number of SCN cells (both numbers determined
in the intermediate portion of the SCN) was already high in the foetal SCN and remained at
this constantly high level during later ontogenetic stages even though the total number of SCN
cells was significantly lower in foetal than in newborn, infantile and adult mice. In contrast,
the number of SCN cells displaying CLOCK-IR was much smaller in the foetal SCN and it
increased in the postnatal stages. As shown for BMALZ, the number of cells with CLOCK-IR
remained constant at all timepoints investigated. Only a few foetal SCN cells showed mPER1-
and mMPER2-IR and their number varied with the circadian timepoints. In the foetal SCN these
PER rhythms peaked during day-night transition and were in the same phase as in the dam. A
finding that has also been previously reported (Hastings et al., 1999; Bae et al., 2001). These
data further confirm and go beyond other studies showing that the PER rhythms are
synchronized between foetus and dam (Reppert & Schwartz, 1984; Reppert & Uhl,
1987;Shibata & Moore, 1987; Shimomuraet al., 2001). Previous studies have shown that foetal
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SCN cells are not influenced by the foetal retina and retinohypothalamic tract (Reppert &
Schwartz, 1986) and that synaptic connections between foetal SCN cells are very poor (Moore
& Bernstein, 1989). Thus, maternal cues like the hormone melatonin are imperative to
synchronize circadian rhythms in the foetal SCN via the fetomaternal unit (Reppert &
Schwartz, 1986; Shibata & Moore, 1988; Jud & Albrecht, 2006) (Fig. 8). mCRY2 was absent
from the foetal SCN and only a few SCN cells showed constitutive mCRY1-IR. However,
these low mCRY1 levels appear to be sufficient to prevent ubiquitination and subsequent
degradation of the mPER proteins; processes that would take place in the absence of mCRY
(Yagita et al., 2000).

Our data suggest that the foetal SCN contains only a few pacemaker cells that comprise a
primordial molecular oscillator based on rhythmic mPER and constitutive BMAL1, CLOCK,
and mCRY1 levels. The CLOCK-, mPER- and CRY1-IRs were predominantly found in the
dorsomedial part of the foetal SCN which is known to contain oscillator cells that are able to
drive rhythmic output like AVP (Hamada et al., 2001; Antle et al., 2003). One can speculate
that those SCN neurons that have a positive BMAL1-IR, but lack CLOCK-IR employ other
dimerisation partners such as NPAS2 that stabilise BMALL in the absence of CLOCK
(DeBruyne et al., 2006, 2007).

The clockwork in the foetal mouse SCN appears sufficient to drive a low amplitude rhythm in
the output gene Avp. This observation is in accordance with earlier studies in rat (Reppert &
Uhl, 1987). AVP secreted from the SCN in a rhythmic manner (Schwartz & Reppert, 1985) is
an important diffusible factor in the adult circadian system and drives rhythmicity in the
hypothalamic paraventricular nucleus (Tousson & Meissl, 2004), an essential centre for the
control of both the neuroendocrine (Kalsbeek et al., 1992) and the autonomic nervous (Buijs
& Kalsbeek 2001) systems. The early onset of rhythmic Avp expression during ontogeny
suggests that AVP is important for synchronization of slave oscillators in the brain and
periphery of the foetus (Fig. 8).

In the newborn (P2) SCN the number of cells with CLOCK- and mPER1-IR increased
gradually. In contrast, the number of SCN cells with mPER2-IR was as high as in the adult.
Interestingly, CLOCK-deficient mice show a strong reduction in the amplitude of mPER1
rhythms, but not of mPER2 rhythms (DeBruyne et al., 2006). These data suggest that mPer1
expression depends more strongly on the expression of CLOCK than mPer2 expression; a
notion that is supported by our developmental data. The number of cells with mCRY 1-IR was
equally low in foetal and newborn SCN and did not vary with the circadian time. In contrast,
the small number of SCN cells with mCRY2-IR varied in phase with the dam.

Our results with the newborn mouse SCN showed that it was capable of generating a circadian
rhythm of the output gene Avp with an amplitude as high as in the adult. Similarly, the SCN
of newborn hamster is capable of generating an adult pattern of expression for calbindin (Antle
etal., 2005). However, as shown here for mice, the newborn SCN is still not fully mature since
it has a significantly lower number of cells with CLOCK-, mPER1-, and mCRY 2-IR compared
to adult.

In the infantile (P10) SCN, the number of cells with BMAL1- and CLOCK-IR reaches adult
levels (von Gall et al., 2003; Maywood et al., 2003; this study). In addition, the amplitude of
the circadian rhythms in numbers of SCN cells with mPER1-, mPER2-, mCRY1-,and mCRY 2-
IR was as high as in the adult. This finding suggests that the mouse SCN is fully mature around
postnatal day 10. During this postnatal period, the number of synapses between SCN neurons
increases dramatically (Moore & Bernstein, 1989). Light induction of the Fos-like protein in
the SCN occurs first at P4 (Munoz Llamosas et al., 2000) and the expression of clock genes

starts to be affected by the photoperiod at P10 (Sumova et al. 2003). Thus, stabilisation of the
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SCN neuronal network and innervation by retinal afferents might facilitate maturation of the
SCN circadian rhythm generator. However, it remains to be established whether the herein
described differences in clock protein levels in the SCN during development reflect the
maturation of the molecular clockwork in individual pacemaker cells or are due to the
ontogenetic maturation of a neuronal network in the SCN pacemaker.

In the foetal PT immunoreactions for BMAL1L and CLOCK were similarly intense, suggesting
that CLOCK is the prevailing interaction partner for BMALL1 in the foetal PT oscillator.
mPER1, mPER2, and mCRY 1-IRs showed a high-amplitude circadian rhythm in the foetal PT
which was in the same phase as found in adult mice. In contrast to the adult PT (Jilg et al.,
2005; this study), mCRY2-IR showed a circadian rhythm in the foetal, newborn and infantile
PT which was in phase with the rhythms in mPER1-, mPER2-, and mCRY 1-IR. This difference
for the PT in adults as well as for all younger ontogenetic stages may suggest that mCRY2
loses its participation in the PT negative regulatory complex during adulthood. The levels of
BMAL1-, CLOCK-, and mCRY2-IR and the amplitudes of the circadian rhythms in mPER1-,
mMPER2-, and mCRY 1-IR reported here for the adult PT were slightly higher than in a previous
study (Jilg et al., 2005). This difference is probably due to the differences in the genetic
background of the animals (Jilg et al., 2005: genetically manipulated C57BL/6 chimeras bred
into C3H/HeN; this study: pure C3H/HeN).

The foetal PT oscillator shows basically the same characteristics as the adult. This observation
is remarkable because the PT oscillator is known to strongly depend on a rhythmic melatonin
input signal (von Gall et al., 2002, 2005; Jilg et al., 2005). Rhythms in clock gene expression
in the PT are known to be abolished a few days after removal of the pineal gland, the major
source of melatonin (Messager et al., 2001; von Gall et al., 2002). Notably, the pineal gland
of foetal rodents is not yet capable of rhythmic melatonin production (Deguchi 1975). Thus,
the rhythms in clock gene proteins in the foetal PT are presumably driven by maternal melatonin
that is known to cross the placenta (Klein 1972; Reppert et al., 1979; Yellon & Longo 1988).

Although melatonin receptors are present in both the foetal PT and the foetal SCN (hamster:
Carlsonetal., 1991; mice: unpublished observation), high-amplitude oscillations in clock gene
proteins were found only in the foetal PT and not in the foetal SCN. In contrast to the
homogenous population of PT cells, the SCN is highly specialised with pacemaker cells in the
vasopressinergic dorsomedial (shell) part and photic input cells in the VIP-ergic ventrolateral
(core) part (Moore et al., 2002). Our data therefore led us to speculate that only few pacemaker
cells in the core part of the foetal SCN are synchronized by maternal melatonin. The input shell
cells in the foetal SCN might not respond to melatonin and neuronal coupling between these
two SCN subdivisions is weak in the foetus. In addition to the known role of maternal melatonin
in synchronising the foetal SCN with the maternal phase (Reppert et al., 1988), maternal
melatonin is important for the maturation and maintenance of circadian rhythms in the
peripheral oscillator of the foetal PT (Fig. 8).

Currently, little is known about the maturation of the molecular clockwork in other peripheral
oscillators. In the foetal monkey clock genes are differentially expressed different tissues. For
example, in SCN, adrenal and thyroid Bmall, Per2 and Cry1 are rhythmic, whereas in pineal
and pituitary only Cry1/Bmall and Per2/Bmall are rhythmic (Torres-Farfan et al., 2006).
Interestingly, circadian rhythms in clock genes in the foetal monkey SCN, but not the adrenal
gland, are synchronised by maternal melatonin (Torres-Farfan et al., 2006). In the foetal liver
only mCryl and RevErba are rhythmic, whereas Perl, Per2, Cryl, and Bmall are not (Sladek
et al., 2007). Similar to the SCN, the liver oscillator develops gradually during postnatal life
(Sladek et al., 2004, 2007). Importantly, the adult SCN and liver show highly persistent
oscillations of clock genes in the absence of rhythmic input (Yoo et al., 2004). Thus, we
hypothesise that persistent/self-sustained pacemakers like the SCN and liver develop gradually

Eur J Neurosci. Author manuscript; available in PMC 2010 February 1.
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during postnatal life, whereas input-dependent oscillators like the PT earlier during foetal life
(Fig. 8).

In summary, this study has demonstrated that a few foetal mouse SCN cells show circadian
rhythms in mPER-IR coincident with a low-amplitude circadian rhythm in Avp mRNA levels.
The SCN matures gradually at the neonatal stage and shows an adult pattern of cells with clock
gene protein immunoreactions at the infantile stage. In contrast, the melatonin-dependent PT
oscillator shows high-amplitude circadian rhythms in clock gene proteins already in the foetus.
Thus, the PT oscillator, which is directly dependent on rhythmic maternal signals, matures
earlier than the SCN itself.
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Figure 1. BMALL1- and CLOCK-immunoreactivity in the SCN during ontogenetic development
Representative coronal sections showing BMAL1- (A) and CLOCK- (B) immunoreaction (IR)
in the SCN of fetal (E18), newborn (P2), infantile (P10), and adult (6-10 week-old) C3H mice.

Mice were sacrificed during early or mid-subjective day (CT00, CT06) and early or mid-
subjective night (CT12, CT18). Scale bars: 150 um.
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Figure 2. mPER1- and mPER2-immunoreactivity in the SCN during ontogenetic development
Representative coronal sections showing cells with mPER1- (A) and mPER2- (B)
immunoreaction (IR) in the SCN of fetal (E18), newborn (P2), infantile (P10), and adult (6—
10 week-old) C3H mice. Mice were sacrificed during early or mid-subjective day (CT00,
CTO06) and early or mid-subjective night (CT12, CT18). Scale bars: 150 pm.
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Figure 3. mCRY1- and mCRY2-immunoreactivity in the SCN during ontogenetic development
Representative coronal sections showing cells with mCRY1- (A) and mCRY2- (B)
immunoreaction (IR) in the SCN of fetal (E18), newborn (P2), infantile (P10), and adult (6—
10 week-old) C3H mice. Mice were sacrificed during early or mid-subjective day (CT00,
CTO06) and early or mid-subjective night (CT12, CT18). Scale bars: 150 pum.

Eur J Neurosci. Author manuscript; available in PMC 2010 February 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ansari et al.

1600+

1200+

8004

400+

900+

IR (cells/SCN)
W (o]
o o
e 2

Page 15

1600 I—— N
CLOCK
1200+

800+

400- I——E/.\./i

750+

500

250+

Circadian Time

Figure 4. Number of cells with BMAL1-, CLOCK-, mPER1-, mPER2-, mCRY1-, and mCRY2-
immunoreactive cells in the intermediate portion of the SCN in fetal (green), newborn (red),

infantile (blue), and adult (black) mice

Data are expressed as the mean +/— SEM of five animals per timepoint and ontogenetic stage.
Data points at CT 00/24 are double-plotted. Asterisks indicate significant differences between
peak values at CT12 and trough values at CT00 (*=p<0.05, **=p<0.01, ***=p<0.001; one-

way ANOVA).
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Figure 5. Avp mRNA expression in the SCN during ontogenetic development

(A) Representative coronal sections showing the Avp hybridisation signal in the SCN (arrows)
of fetal (E18), newborn (P2) and adult (6-10 week-old) C3H mice. Scale bar: 750 um. (B)
Relative optical density (O.D.) within the SCN region of fetal (green), newborn (red), and adult
(black) C3H mice. Data are expressed as the mean +/— SEM of five animals per timepoint and
ontogenetic stage. Data points at CT00/24 are double-plotted. Asterisks indicate significant
differences between peak levels at CT06 and trough levels at CT00 (*p<0.05, one-way
ANOVA).
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Figure 6. BMAL1-, CLOCK-, mPER1-, mPER2-, mCRY1-, and mCRY 2-immunoreactivity in the
PT

Representative coronal sections showing immunoreactivity for all six clock gene proteins in
the PT of fetal (E18), newborn (P2), infantile (P10), and adult C3H mice sacrificed at mid-
subjective day (CT06) or mid-subjective night (CT18). Scale bar: 50 pum.
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Figure 7. Relative optical density (O.D.) of BMAL1-, CLOCK-, mPER1-, mPER2-, mCRY1-, and
MCRY2- immunoreactivity in the PT of fetal (green), newborn (red), infantile (blue), and adult
(black)

Data are expressed as the mean +/— SEM of five animals per timepoint and ontogenetic stage.

Data points at CT00/24 are double-plotted. Asterisks indicate significant differences between
peak levels at CT06 and trough levels at CT18 (*, p<0.05, **: p<0.01, ***: p<0.001, one-way
ANOVA).
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Figure 8. Model depicting differences in the ontogenetic development between the self-sustained
circadian rhythm generator and input-dependent peripheral oscillators

The mother generates circadian rhythms in melatonin and other hormones, body temperature
and metabolites. These rhythmic maternal signals cross the placenta and synchronise the SCN
and self-sustained peripheral oscillators (SPO) or input-dependent peripheral oscillators (DPO)
like the PT in the fetus. AVP and other rhyhthmic signals generated by the primordial fetal
SCN might also be important for the synchronisation of SPOs. The DPOs (high amplitude
rhythms) mature earlier during ontogenetic development than the SPOs (low amplitude

rhythms).
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