The EMBO Journal (2008) 27, 2757-2765 | © 2008 European Molecular Biology Organization | All Rights Reserved 0261-4189/08

www.embojournal.org

THE

EMBO

JOURNAL

Autonomous onset of the circadian clock in the

zebrafish embryo

Marcus PS Dekens'* and David Whitmore*

Department of Cell and Developmental Biology, University College
London, London, UK

On the first day of development a circadian clock becomes
functional in the zebrafish embryo. How this oscillator is
set in motion remains unclear. We demonstrate that zygo-
tic periodl transcription begins independent of light ex-
posure. Pooled embryos maintained in darkness and
under constant temperature show elevated non-oscillating
levels of periodl expression. Consequently, there is no
maternal effect or developmental event that sets the
phase of the circadian clock. Analysis of period1 transcrip-
tion, at the cellular level in the absence of environmental
stimuli, reveals oscillations in cells that are asynchronous
within the embryo. Demonstrating an autonomous onset
to rhythmic periodl expression. Transcription of clockl
and bmall is rhythmic in the adult, but constant during
development in light-entrained embryos. Transient expres-
sion of dominant-negative ACLOCK blocks periodl tran-
scription, thus showing that endogenous CLOCK is
essential for the transcriptional regulation of periodl in
the embryo. We demonstrate a default mechanism in the
embryo that initiates the autonomous onset of the circa-
dian clock. This embryonic clock is differentially regu-
lated from that in the adult, the transition coinciding with
the appearance of several clock output processes.
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Introduction

Circadian clocks have been demonstrated to exist in a wide
variety of species. A model has been established where a
transcription-translation —auto-regulatory feedback loop
forms the core of the circadian clock mechanism. The hetero-
dimer, composed of CLOCK (CLK) and brain muscle ARNT-
like (BMAL), binds to enhancers upstream of the period (per)
and cryptochrome (cry) genes to initiate their transcription.
The repressors PER and CRY interact with the CLK:BMAL
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heterodimer and thereby downregulate their own expression
(Wager-Smith and Kay, 2000; Reppert and Weaver, 2001). On
account of the plasticity of the circadian clock and redun-
dancy of its components, a mutation resulting in the defi-
ciency of a single gene does not always have a severe impact
on the circadian phenotype (DeBruyne et al, 2006). Several
arrhythmic clock (clk) mutants have been shown to exhibit
mutations that cause the protein to function in a dominant-
negative manner. In a mouse and Drosophila clk mutant, a
deletion is located within the conserved Q-rich transactiva-
tion domain required for transcriptional activity, while do-
mains necessary for binding the per promoter (bHLH) and
dimerisation (PAS) are functional (Antoch et al, 1997; King
et al, 1997; Allada et al, 1998; Darlington et al, 1998; Gekakis
et al, 1998). Although the core circadian clock mechanism
is highly conserved, several variations are present among
different species (Young and Kay, 2001). One example of this
is the regulation of clk transcription, which has been shown
to oscillate in Drosophila and zebrafish but not in mouse (Sun
et al, 1997; Bae et al, 1998; Whitmore et al, 1998; Shearman
et al, 1999). In mouse CLK and BMAL complex formation is
followed by its phosphorylation, which is an important factor
in regulating the transcriptional activity of the heterodimer
(Kondratov et al, 2003). Post-transcriptional modifications of
clock proteins also play a role in the generation of circadian
rhythms in other species (Kloss et al, 1998; Liu et al, 2000;
Price and Kalderon, 2002). Peripheral clocks in Drosophila
and zebrafish are directly entrained by light, indicating a high
degree of cell autonomy (Plautz et al, 1997; Whitmore et al,
2000). Cellular circadian oscillations have been shown in
mouse, rat and fish cell lines, demonstrating that peripheral
oscillators are self-sustained, as they do not require the
existence of a central pacemaker (Nagoshi et al, 2004;
Welsh et al, 2004; Carr and Whitmore, 2005).

Studies of circadian output have provided evidence for the
existence of a functional circadian clock during the early
stages of zebrafish development (Kazimi and Cahill, 1999;
Ziv et al, 2005; Vuilleumier et al, 2006). To understand how
circadian clock onset is established, we studied the regulation
of core molecular clock components under various condi-
tions. We observed a light-independent initiation of zygotic
perl transcription on the first day of development. We
demonstrate that in the absence of environmental stimuli a
rhythm of perl transcription is present in each cell of the
embryo and that these oscillations are asynchronous. Light or
temperature exposure is required to synchronise these cellu-
lar clocks in the developing embryo. Importantly, we demon-
strate that during the first 3 days of development, clkIl and
bmall transcription is not rhythmic in contrast to later stages.
However, direct manipulations show that CLK is already
functional on the first day of development. Thus suggesting
key regulation of the circadian clock at the post-transcriptional
level during zebrafish development. The onset of rhythmic
clkl and perl transcription coincides with the appearance of
several circadian clock output processes, such as rhythmic
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locomotor activity (Hurd and Cahill, 2002), and the circadian
timing of DNA replication (Dekens et al, 2003).

Results and discussion

A fixed process on the first day of development

Zebrafish breed at dawn, and consequently development
initiates at light onset. The embryo develops rapidly when
reared at 28°C, after 1 day an embryo has most anatomical
structures and several days later it is fully developed into a
free-swimming larva. We analysed the expression profile of
perl during the first days of development using an RNase
protection assay to gain insight into circadian clock onset.
Under constant temperature and an alternating 12-h light-
dark (LD) cycle, we observed a rhythm of perl transcription
during development (Figure 1A). perl expression peaks at
ZT3 (zeitgeber time) and reaches its trough at ZT15, with a
10:1 ratio in the expression level during day 2 (Figure 1D).
When embryos are maintained under constant temperature
and darkness (DD), perl transcription initiates at the end of
day 1 but does not appear to be rhythmic over subsequent
cycles (Figure 1B and D). In addition, per! is expressed at an
intermediate level when compared with embryos on an LD
cycle. Previous studies have demonstrated that a clock-driven
rhythm of arylalkylamine N-acetyltransferase (aanat) tran-
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scription and melatonin release is not detected when em-
bryos are reared in DD (Kazimi and Cahill, 1999; Ziv et al,
2005; Vuilleumier et al, 2006). These observations together
indicate that there is no maternal effect or developmental
event that sets or maintains clock phase.

On the first day of development, the same fixed pattern of
perl transcription is observed in both embryos maintained
under DD and those reared in an LD cycle (Figure 1A and B).
Maternal perl RNA degrades shortly after the mid-blastula
transition when zygotic gene transcription starts, and is
therefore present during the first 4h post-fertilisation
(h.p.f.). Zygotic perl transcription reaches its maximum
level at about 21 h.p.f. in DD, but the transcript can already
be detected 6 h earlier at very low levels. The quantity of perl
RNA at 21 h.p.f. is four-fold higher in embryos maintained
under DD compared with those reared in an LD cycle
(P<0.0001; Figure 1C). Thus, the principal difference be-
tween the two conditions is the effect of light on the level of
perl expression at the end of the first day.

Previous studies have shown that zebrafish perlI is regu-
lated through the binding of CLK and BMAL to E-box
elements in the promoter region of this gene, a very similar
mechanism to that reported for rhythmic period expression in
mouse (Vallone et al, 2004). In addition, in zebrafish light
inhibits CLK:BMAL function in part through the transcrip-
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Figure 1 Light is not required for the onset of zygotic per! transcription. (A) RNase protection assay showing perl, clk1, bmall, cryla and per2
transcription pattern during the first days of development in pooled embryos raised under a 12:12h LD cycle. The bar indicates light (white)
and dark (black) intervals. tRNA serves as a negative control, and B-actin RNA detection as a loading control. Arrowheads indicate key changes
in expression level. (B) RNase protection assay of pooled embryos raised in DD showing a constant level of perl, clk1, bmall, cryla and per2
transcription. (C) Comparison of per! RNA levels at ZT21 on day 1 in embryos exposed to light for the first 12 h of development (LD), and those
reared in constant darkness (DD) (P<0.0001, n=10). (D) perl RNA levels at peak (ZT3) and trough (ZT15) time points on day2 in embryos
exposed to an LD cycle (grey bars) (P<0.0001, n=10), and in DD (black bars) (P<0.05, n=10). (E) Comparison of clkl RNA levels at ZT3 and
ZT15 on days 2 and 4 in embryos exposed to an LD cycle (LD) (day 2: P>0.1, n= 10 and day 4: P<0.0001, n=10). (F) Knockdown of part of
the light input pathway. The effect of per2 morpholino on the level of per] RNA at ZT21 on day 1 in embryos exposed to light for the first 12 h of

development (P<0.005, n=10).
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tional activation of cryla. The binding of the CRY1a protein to
CLK and also BMAL prevents the formation of an active
transcriptional complex, leading to the light-dependent re-
pression of perl (Figure 5B and C; Tamai et al, 2007). This
process is thought to be one route by which the core clock
mechanism is entrained to LD cycles in this system. We show
here that cryla transcription is increased on the first day of
development as a result of light exposure, and has a more
robust light-regulated rhythm throughout the subsequent
days of development (Figure 1A). Therefore, we suggest
that in the embryo, as in zebrafish cell lines, early light
induction of cryla leads to the repression of perl, and has a
function in the entrainment of the embryonic clock. In
addition, short light pulses applied on the first day of devel-
opment acutely increase the level of per2 transcription (Tamai
et al, 2004). In Figure 1, we show that per2 is rhythmic in
embryos raised on an LD cycle when compared with minimal
expression levels detected in DD. per2 transient knockdown
on the first day of development has been demonstrated to
affect the circadian clock-dependent process of aanat tran-
scription (Ziv and Gothilf, 2006). Using the same morpholi-
no-modified anti-sense oligonucleotide per2 ‘knockdown’
protocol, in embryos exposed until 12h.p.f. to light, we
observe an increase in the perl RNA level at 21h.p.f.
(P<0.005; Figure 1F). We demonstrate that the ‘knockdown’
of per2 in light-treated embryos can partially block the light-
induced suppression of perl, confirming that the light input
pathway is functional within the first 12 h of development.
However, the level of perl RNA in these ‘knockdown’ em-
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bryos does not reach the same level seen in DD. This
observation most likely reflects the existence of multiple
light input pathways to the core clock. Nevertheless, the
key molecular difference between embryos raised in the
dark and those on an LD cycle is the strong light induction
of both cryla and per2, two proteins that have been impli-
cated in zebrafish clock entrainment.

Light-independent entrainment of per1 transcription

To determine whether the observed embryonic perl transcrip-
tional rhythm represents true circadian clock entrainment
and not a light-driven response, embryos were subjected to
light during the first 12 h of development followed by DD over
the consecutive days. A rhythm of perl RNA expression is
observed on the days following this light exposure. Such
light-dependent synchronisation could only occur if an oscil-
lator is present, and thus reflects the presence of a functional
circadian clock within the first 12h of development (Figure
2A and B).

The circadian clock can be entrained by several environ-
mental stimuli including temperature (Lahiri et al, 2005). To
determine whether light is specifically required for circadian
clock function on the first day of development, we reared
embryos in DD while exposing them to a change in tempera-
ture. Embryos were submerged in a 29°C water bath for the
first 12h of development and subsequently cooled to 25°C,
whereas control embryos were exposed to a constant tem-
perature of 27°C. Embryos exposed to a temperature shift
show a significant increase in perl expression at 21h.p.f.

A Day 2 Day 3 Day 2 Day 3 ngo
zT 3 9 15213 9 15 21 ¢ cT 3 9 15213 9 15 21 ¢ ]
2 75
<
period? | NS - period] | M- 2 s
3
3
. . 2 25
B-actin | i ———— B-actin | GG $
g2 o : : : )
LD W W DD DD I ZT3  ZTi5 ZT3  ZT15

Day2 Day2 Day3 Day3

(o] Day1 Day2 Day 3 Day 2 Day 3 D & 10
CT 213 915 21 3 9 15 21 ¢t CT 21 83 915 21 3 9 15 21 ¢ %75
:
S
period? | (N S ———— period] | S 2 s
g
. o 25
B-actin | w e e w—  w- . ' B-aCtin | e e e - s ' s §
2
2 o
29 C—\ 205G 27°C CT9 CT21 CT9 CT21

Day2 Day2 Day3 Day3

100

75

50

25

Absolute expression level (%)

T constant
CT21 Day 1

T shift
CT21 Day 1

Figure 2 Light-independent entrainment of the circadian clock on the first day of development. (A) perl RNA levels on days 2 and 3 in pooled
embryos after exposure to light until 12 h.p.f. followed by DD, and the corresponding DD control. Grey partitions of the bar indicate the timing
of the subjective light period. (B) Comparison of per] RNA levels at peak (ZT3) and trough (ZT15) time points on days 2 and 3 in embryos
exposed to light for the first 12 h of development only (P<0.0005 on day 2, n=10). (C) perl RNA levels on days 2 and 3 in pooled embryos
after exposure to a temperature shift on day 1 (first 12 h.p.f. at 29°C) followed by constant temperature (25°C), and the corresponding constant
temperature control (27°C, DD). (D) Comparison of perl RNA levels at peak (CT21) and trough (CT9) time points on days 2 and 3 in pooled
embryos after exposure to a temperature shift on day 1 followed by constant temperature (P<0.0001 on day 2, n = 10) demonstrates that light
is not required for inducing or synchronising oscillations in the embryo. (E) Comparison of perl RNA level at ZT21 on day 1 in embryos
exposed to a temperature shift and those maintained at constant temperature (P<0.0001, n=10).
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when compared with those maintained at constant tempera-
ture; thus, a shift in temperature does influence the expres-
sion level of a core circadian clock gene as early as the first
day of development (P<0.0001; Figure 2E). We then exposed
embryos for the first 12h to 29°C followed by a constant
temperature of 25°C for several days to determine whether
per]l RNA oscillations occur after the first day. Rhythmic
expression of perl RNA persists over days 2 and 3 following
the temperature shift, demonstrating that exposure to light is
not a prerequisite for early circadian clock function
(P<0.0001; Figure 2C and D). Temperature cycles establish
a different phase relationship with the timing of perl expres-
sion in zebrafish when compared with light entrainment
(Lahiri et al, 2005), and consequently we observed the trough
and peak of expression at CT9 and CT21, respectively. The
rhythm during the 2 days following the temperature shift
dampened less than that induced by a single 12-h light
treatment (Figure 2A and C), demonstrating that temperature
can function as a strong zeitgeber at this early stage of
development.

Asynchronous cellular oscillators in constant darkness
Pooled embryos not exposed to environmental stimuli show a
constant level of perl transcription. This phenomenon could
be explained either by arrhythmic (non-synchronised) oscil-
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lations at the cellular level or constitutive perl transcription,
reflecting a non-functional clock. An indication that suggests
the existence of ‘out-of-phase’ oscillators is the intermediate
level of per] RNA present in embryos raised in DD. We
performed a non-invasive experiment with cellular resolution
to obtain insight into the default setting of the clock mechan-
ism in embryos. We compared perl transcription at peak
(ZT3) and trough (ZT15) levels on the second day of devel-
opment in embryos exposed to either an LD cycle or DD using
whole mount fluorescent in situ hybridisation. By assessing
the presence or absence of perl RNA in single cells, one can
draw a reliable conclusion, as to the state of the circadian
clock within the organism. When analysing embryos exposed
to an LD cycle, we observe per] RNA expression in every cell
at ZT3, this is in contrast to embryos at ZT15 where perl
expression is scarce throughout the embryo (Figure 3A and B,
respectively). When embryos are raised in DD, an intermedi-
ate number of cells express per] RNA at both time points
(CT3 and CT15; Figure 3C-E and F-H). Individual siblings
fixed at the same time point express a variable number and
randomly distributed per1 transcript clusters (Figure 3I). This
result supports the existence of asynchronous oscillations in
DD, as in the case of constitutive perl expression one would
expect all cells to express intermediate levels of perl RNA.
Locomotor activity in zebrafish larvae is also arrhythmic in

Figure 3 The embryo generates asynchronous per! RNA oscillations when raised in DD. (A) per! transcript clusters (red) present in single
cells (nuclei in blue), visualised by fluorescent in situ hybridisation, showing abundant perl expression at ZT3 on day 2, and (B) sparse perl
expression at ZT15 on day 2 in an embryo exposed to an LD cycle. (C-E) perI transcript clusters at CT3 on day 2 in tail tips of three sibling
embryos reared in DD. (F-H) per! transcript clusters in tail tips of three sibling embryos at CT15 on day 2 raised in DD. Both CT time points
show a variable number and random distribution of high-level per] RNA-expressing cells, demonstrating an autonomous and asynchronous
onset of circadian oscillations in the cells of the zebrafish embryo. (I) Percentage of perI-transcribing skin cells at peak and trough time points

under DD and LD conditions.
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Figure 4 perl and clkl are expressed ubiquitously in the zebrafish embryo. (A) Whole mount in situ of perl, and (B) clkl transcripts in
embryos reared in an LD cycle and fixed at ZT3 on day 2 display a gradient of ubiquitous transcription with the highest level of expression at
the anterior. Sections through the head (C-F) show no discrete region of the brain or retina at this stage, which due to a distinctive expression
of perl could be identified as the location of a centralised pacemaker (arrowhead indicates location of pineal gland).

constant darkness, which could be explained by non-syn-
chronous cellular oscillators (Hurd and Cahill, 2002). These
data led us to propose that asynchronous oscillations are the
default state in the absence of environmental stimuli. As the
embryo already produces out-of-phase oscillations between
individual cells in the dark, a light or temperature cue
functions only as a signal to reset these clocks, causing
overall synchronised oscillations within the embryo.

Differential regulation of clk1 and bmal1 between the
embryo and adult

The transcription factor CLK has been demonstrated to have a
pivotal function in the regulation of per in several species. In
the adult zebrafish, clkI transcription oscillates in all organs
and cells studied to date (Whitmore et al, 1998). In contrast
to perl, thythmic transcription of clk1 starts several days after
fertilisation in embryos exposed to an LD cycle (Figure 1A
and E). clkl RNA is constitutively expressed during the first
days of development, with no significant difference being
observed in expression level during day 2 in embryos on an
LD cycle (Figure 1A and E). In addition, no oscillation in
transcript levels was detected until day 4 under LD conditions
of the partner of clkl, bmall (Figure 1A). Yet in cells and
tissues, bmall transcription shows robust oscillations
(Cermakian et al, 2000). Taken together, the clkl and
bmall expression patterns strongly suggest differential reg-
ulation of the core circadian clock mechanism during zebra-
fish development. Although the negative regulatory elements
of the clock mechanism (per and cry genes) are already
oscillating on the first day of development, oscillations in
the positive acting transcriptional regulators (clk and bmal)
take another 3 days to become established. Both perl
and clk1 transcripts are present and ubiquitously expressed
during early stages of zebrafish development as demon-
strated by in situ hybridisation (Figure 4A-F). A gradient is
observed for both transcripts, with high levels of expression
at the anterior, and low levels at the posterior region of the
embryo.

Endogenous CLK autonomously initiates per1
transcription

The fluorescent in situ result shows the presence of self-
sustained circadian clocks in each cell of the embryo.
Furthermore, transcriptional initiation of perl at 15h.p.f.

©2008 European Molecular Biology Organization

also occurs independent of light exposure. Thus, a positive
transcriptional activator, which can exert an effect on the per!
promoter during this time, must be present. We demonstrated
that clkI and bmall do not oscillate in an LD cycle through-
out the first 3 days of development in contrast to later stages.
This raises the major issue of whether the CLK:BMAL hetero-
dimer is functional in the embryo. To determine whether
endogenous CLK is required for the initiation and subsequent
oscillations of perl transcription, we established a transient
‘knockdown’ approach. To overcome gene redundancy, we
constructed a dominant-negative clk (Aclk) encoding a trun-
cated protein consisting of the first 396 amino acids (Figure
SA and D). This design was based on mutations in previously
isolated dominant-negative mutants where large deletions in
the Q-rich transactivation domain have been reported to
impair the circadian clock (King et al, 1997; Allada et al
1998, Gekakis et al 1998, Hayasaka et al 2002). A flag-tag
sequence was introduced into the construct to confirm the
expression of the protein. We microinjected Aclk RNA into
zygotes and analysed samples taken during the first day on a
western blot (Figure 6A). The earliest sample taken at 3 h.p.f.
and a later sample at 12 h.p.f. show the presence of a large
quantity of ACLK protein, by 18 h.p.f. ACLK has decreased to
an undetectable level. We microinjected zygotes with Aclk
RNA and transferred them immediately to DD to compare the
level of perl RNA at 21 h.p.f. with non-injected embryos. We
did not observe a difference between mock-injected and non-
injected embryos, thus mock injections were subsequently
omitted. The level of perl RNA at the end of the first day is
high in embryos maintained under DD; however, when ACLK
is expressed we observe a four-fold reduction of perl RNA at
21h.p.f. (P<0.0001; Figure 6B and C). This may be the
maximum possible decrease in per] RNA as the level is
similar to that observed at 21 h.p.f. in embryos exposed to
an LD cycle (Figure 1C). A minimal effect on per! can still be
observed at 27 h.p.f. (Figure 6D), this is several hours after
detectable levels of ACLK are present on a western blot. The
amount of ACLK expressed in the embryo is in vast excess of
the endogenous CLK protein. Thus, the prolonged effect can
be explained by the capacity of ACLK to efficiently block per1
transcription at much lower levels. The manipulation demon-
strates that endogenous CLK protein is required for the
transcriptional initiation of perl on the first day of develop-
ment.
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Figure 5 Design of a zebrafish dominant-negative CLK (ACLK). (A) Diagram of the Drosophila and mouse wild-type CLK proteins with
corresponding dominant-negative mutations (white: helix-loop-helix domain; black: Per-Arnt-Sim domain; yellow: poly-Q box; dotted: Q-rich
domain; orange: flag tag). A stop codon was introduced into the zebrafish clkl cDNA to generate a truncated 396 amino-acid protein,
containing the bHLH and PAS domains but lacking the glutamine-rich transactivation domain. This design is based on known dominant-
negative CLK mutations in mouse and Drosophila, where a part of the glutamine-rich area is absent. The PAS and bHLH domains present allow
binding of CLK to its partner BMAL, and of this heterodimer to the period promoter. The absence of part of the glutamine-rich area and/or
glutamine box at the carboxyl-terminus abolishes the capacity of CLK to transactivate the period gene. (B) Wild-type condition. In the light
(day) CRY1a is expressed, which binds to CLK and BMAL, thereby blocking period transcription. (C) In darkness (night), CLK and BMAL form a
heterodimer, which binds to E-boxes in the promoter of the period gene, thereby activating its transcription. (D) The mutant dominant-negative
CLK can form a heterodimer and dock onto E-boxes in the period promoter, thereby competing with wild-type CLK and blocking transcription.

A h.pf. 3 12 14 16 18

flag-ACLOCK W W e

< <
B Day 1 Aclock injected Day 1 mock injected C <100 D £ 100
cT 3 915 21 t CT 3 9 15 21 ¢ % %
275 < 75
15 15
period? | = period1 | @ ] ?
o 50 o 50
Qo o
3 3
B-actin | et B-actin | e =" o 25 o 25
2 2
DD I DD I 2 o 2 . )
< ACLK WTcontrol < ACLK WTcontrol
= (CT21) (CT21) = (ZT3) (ZT3)
E Day 1 Day 2 Day 1 Day 2 F £100 G & 100
CT 21 3 9 15 21 ¢ CT 21 3 9 15 21 t ] T
275 < 75
period1 - DT period1 | NP i) o
3 50 8 50
2 &
Bractin | e v s e e Bractin | e, - o 25 2 25
=) E
[*] o
LD I DD DD I 2 0 2 o0
< < CT9 (ACLK) CT21 (ACLK)

ZT3 (ACLK) ZT15 (ACLK)

Figure 6 CLK is required for zygotic per! transcription during development. (A) Western blot showing flag-ACLK expression on the first day of
development in embryos microinjected with Aclk RNA (three times more protein was loaded for 14-18 h.p.f.). (B) Knockdown of the positive
feedback loop. RNase protection assay showing perl transcription levels during day 1 in pooled embryos microinjected with Aclk RNA and
transferred directly to DD compared with mock-injected DD control embryos. (C) Comparison of perl RNA level at CT21 on day 1 in embryos
expressing ACLK and non-injected control embryos both maintained in DD (P<0.0001, n=10). This demonstrates the presence of functional
CLK protein during the early stages of development. (D) Comparison of perl RNA levels at ZT3 on day 2 in embryos expressing ACLK and non-
injected control embryos both reared in an LD cycle (P<0.0001, n = 10), demonstrating the reduced effect of ACLK protein at this stage. (E)
RNase protection showing perl transcription levels at the end of day 1 and during day 2 in embryos microinjected with Aclk RNA, exposed to
light for the first 12 h only, and the corresponding control embryos maintained in DD. (F) Comparison of per] RNA levels at ZT3 and ZT15 on
day 2 in embryos transiently expressing ACLK on day 1 and exposed to light for the first 12 h only (P>0.05, n=10). (G) Comparison of perl
RNA levels at CT9 and CT21 on day 2 in embryos subjected on day 1 to a temperature shift while transiently expressing ACLK (P<0.0001,
n=10). These data demonstrate that CLK, a core component of the positive feedback loop, is already functional on the first day of
development, although rhythmic transcription starts several days later.
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We have shown that exposure to light or a temperature
shift on the first day of development alone results in perl
RNA oscillations on subsequent days. Thus, we examined
whether the transient expression of ACLK in early embryos
could abolish this effect. When zygotes are microinjected
with Aclk RNA and exposed to light on the first day of
development, a rhythm cannot be detected during the follow-
ing day in DD (P> 0.05; Figure 6E and F, compare with Figure
2B). Furthermore, expression of ACLK strongly dampened the
perl RNA rhythm observed on the day following a tempera-
ture shift (Figure 6G, compare with Figure 2D). Therefore,
both light and temperature entraining signals exert an effect
on the CLK transcription factor to synchronise the oscillator.
Our results demonstrate that the CLK protein is essential for
the onset of rhythmic perl transcription, although oscilla-
tions in clk and bmal transcripts are not critical during the
first days of development. Consequently, regulation of the
CLK and BMAL proteins required for generating the perl
rhythm is most likely to occur at the post-transcriptional
level, either through changes in protein degradation, phos-
phorylation or subcellular localisation. A precedent for this
form of protein regulation has been reported for the mouse
and Drosophila circadian system, where post-translational
events are key to the generation of circadian rhythms (Kim
et al, 2002; Kondratov et al, 2003). However, oscillations of
CLK and BMAL are not always an absolute requirement for
the generation of period rhythms (Zheng and Sehgal, 2008).

Ontogeny of a biological clock

The circadian clock starts autonomously within the first
12 h.p.f. The transcripts for numerous clock genes are mater-
nally deposited in the embryo, including clk1, bmall, perl,
per2, but not cryla. The levels of RNA decline rapidly
between 3 and 9h.p.f. for all of these genes, except for clk
and bmal. Clearly, differential regulation of maternal
RNAs is taking place in the context of clock molecules.
Transcript levels for clk and bmal are elevated and constant
until the fourth day of development in embryos subjected to
LD cycles. We propose that these transcripts become
active in the early night when cry is not expressed, leading
to the increase in perl RNA level at the end of the first day of
development. This marks the autonomous onset of the first
true embryonic clock cycle. However, when embryos do not
experience an environmental entraining signal these oscillat-
ing clocks remain out of phase. The key difference between
embryos raised on an LD cycle versus constant darkness is
the light-dependent increase in cryla and per2 levels, which
act to synchronise these early embryonic clocks.

As the pineal becomes functional at 20-24 h.p.f., and the
retina at the end of the third day of development (Wilson and
Easter, 1991; Easter and Nicola, 1996; Gothilf et al, 1999), a
functional circadian clock is present in the embryo far before
differentiation of specialised light-receptive structures is com-
pleted. As the peripheral clock is established first, peripheral
circadian clock oscillations must be ‘passed on’ during differ-
entiation to any developing central pacemaker cells.
Rhythmic clkl and bmall transcription first occurs on the
fourth day of development. This transition may coincide with
the development of the entire circadian system, and the phase
during which the retina becomes functional (Easter and
Nicola, 1996) followed by the retinal innervation of the
putative zebrafish equivalent of the suprachiasmatic nucleus
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(Burrill and Easter, 1994). This timing also corresponds to the
gradual increase in the capacity of light to entrain circadian
clock-regulated rhythmic locomotor activity (Hurd and
Cahill, 2002). Furthermore, at this stage clock-gated rhythms
in DNA replication are first established (Dekens et al, 2003).
We demonstrated that clk1 transcription is not rhythmic until
the fourth day of development, whereas endogenous CLK is
crucial for circadian clock function at an early stage. Thus,
the regulation of the zebrafish embryonic circadian clock is
different from that in the adult. It is an interesting possibility
that clock-dependent output processes might not be strongly
regulated until the clk and bmal genes establish a high
amplitude level of transcriptional oscillation. The study of
the molecular regulation of core clock components during
development gives important insight into the ontogeny of
circadian rhythms, and how output processes as divergent as
behaviour and cell division are coupled during development
to the circadian clock.

Materials and methods

Animal maintenance

Zebrafish were raised following standard protocols (Mullins et al,
1994). Embryos were transferred to tissue culture flasks and
submerged in thermostatically controlled water baths to maintain
a constant temperature of 28°C. Embryos were illuminated with an
Osram white fluorescent light source (180 pW/cmZ).

RNase protection assay

RNA was extracted from embryos according to the manufacturer’s
protocol using TRIzol Reagent (Gibco BRL). The RNase protection
assay was based on standard protocols (Gilman, 1993). For each
sample, 8ug total RNA was hybridised overnight at 55°C with
[0-3*P]UTP-labelled (Amersham) probe. For B-actin protections,
3 ug total RNA was hybridised and the quantity of label and probe
were adjusted. Absolute expression levels were quantified by
exposing radiographs to a phosphor screen (Bio-Rad) and scanned
with the Pharos FX phosphor scanner. The density of the bands was
determined using Quantity One software. The density measured in
counts was normalised by setting the highest expression level to
100%. All data displayed in charts were calculated using a sample
size of 10. The standard error of mean was used to indicate the
confidence interval (95%, o=0.05). The significance of the
difference observed between two treatments within one experiment
was determined with the Student’s t-test.

Transient ‘knockdown’ protocols

The zebrafish CLK1 was truncated, thereby removing the carboxyl-
terminal part containing the glutamine-rich area and poly-gluta-
mine box (Figure 5A). The 1.2-kb clkI fragment (HindlIll/XhoI) and
a flag sequence were cloned into the pCLNCX vector (Retromax)
resulting in a frame shift, thereby introducing a stop codon. This
truncated flag-Aclkl sequence with stop codon was subcloned into
pCS2 +. Synthesis of capped mRNA was performed with the SP6
mMessage mMachine components from Ambion using linearised
plasmid. The transcript was purified and 500 pg Aclk mRNA was
microinjected into each zygote. This dose did not result in abnormal
morphology or a decrease in survival rate. Transient knockdown of
per2 was accomplished by microinjecting zygotes with a morpho-
lino-modified anti-sense oligonucleotide (Gene Tools) (Nasevicius
and Ekker, 2000) designed to match the per2 initiation of translation
region (per2(aycyMO: 5'-GGTCTTCAGACATCGGACTTGGGTT-3') as
previously described (Ziv and Gothilf, 2006).

Immunochemistry

Protein was extracted from embryos by shearing and low-speed
centrifugation steps in 0.3mM phenylmethylsulphonylfluoride
(PMSF in Ringers; Roche), the supernatant was removed after each
step, and the pellet was dissolved in cracking buffer with 1%
B-mercaptoethanol and heated for 5 min at 95°C. Expression of
ACLK protein was determined by western blot analysis and
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performed according to the manufacturer’s manual (Bio-Rad). The
flag-tagged ACLK was labelled with the primary rabbit o-flag
(Sigma; F7425) and secondary goat o-rabbit peroxidase-coupled
antibody (Cell Signaling Technology; 7074). Detection was per-
formed using ECL (Amersham) and the blot was exposed to Kodak
X-ray film for several hours.

In situ hybridisation

In situ hybridisation was performed with a 1.7-kb anti-sense perl
RNA fragment (Spel/Sphl) according to standard protocols (Schulte-
Merker et al, 1992). Transcription and labelling for probe synthesis
was executed using the Riboprobe Combination System from
Promega, and digoxigenin-11-UTP (DIG) from Roche. After protei-
nase K treatment, the embryos were bleached with 5% peroxide
(Sigma) in PBS-Tween under a bright light source. Embryos were
hybridised at 63°C and thereafter labelled with sheep o-DIG alkaline
phosphatase-coupled antibody (Roche) in 2% blocking reagent
(Roche) and 10% goat serum (Sigma). Sections were cut after
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