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Abstract—The suprachiasmatic nuclei (SCN) contain the
master circadian pacemaker in mammals. Generation and
maintenance of circadian oscillations involve clock genes
which interact to form transcriptional/translational loops and
constitute the molecular basis of the clock. There is some
evidence that the SCN clock can integrate variations in day
length, i.e. photoperiod. However, the effects of photoperiod
on clock-gene expression remain largely unknown. We here
report the expression pattern of Period (Per) 1, Per2, Per3,
Cryptochrome (Cry) 1, Cry2, Bmal1 and Clock genes in the
SCN of Syrian hamsters when kept under long (LP) and short
(SP) photoperiods. Our data show that photoperiod differen-
tially affects the expression of all clock genes studied.
Among the components of the negative limb of the feedback
loop, Per1, Per2, Per3, Cry2 but not Cry1 genes show a
shortened duration of their peak expression under SP com-
pared with LP. Moreover, mRNA expression of Per1, Per3 and
Cry1 are phase advanced in SP compared with LP. Per3
shows an mRNA peak of higher amplitude under SP condi-
tions whereas Per1 and Per2 peak amplitudes are unaffected
by photoperiod changes. Bmal1 expression is phase ad-
vanced without a change of duration in SP compared with LP.
Furthermore, the expression of Clock is rhythmic under SP
whereas no rhythm is observed under LP. These results,
which provide further evidence that the core clock mecha-
nisms of the SCN integrate photoperiod, are discussed in the
context of the existing molecular model. © 2003 IBRO. Pub-
lished by Elsevier Science Ltd. All rights reserved.
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In mammals, the master circadian clock that drives most
biochemical, physiological and behavioral rhythms is lo-
cated in the suprachiasmatic nuclei (SCN) of the hypothal-
amus (Stephan and Zucker, 1972). Generation and main-
tenance of circadian rhythmicity rely on complex inter-
locked transcriptional/translational feedback loops
involving a set of clock genes (Reppert and Weaver,

2001). Briefly, the positive limb of the molecular clock core
is formed by a heterodimer of transcription factors, CLOCK
(CLK) and BMAL1, which drives transcription of three Pe-
riod (Per1, Per2 and Per3) and two Cryptochrome (Cry1
and Cry2) genes. In turn, PER and CRY proteins het-
erodimerize, enter the nucleus and repress CLK/BMAL1-
driven transcription of their own genes (Kume et al., 1999;
Shearman et al., 2000). There is substantial evidence that
the circadian clock in the SCN is able to integrate varia-
tions in day length, thus encoding photoperiod. Using light
induction of the proto-oncogene c-fos in the SCN, it has
been determined that the photosensitive phase of the SCN
depends on the prior photoperiod (Sumova et al., 1995;
Vuillez et al., 1996). A photoperiodic change from long (LP)
to short (SP) photoperiod induces a progressive lengthen-
ing of the photosensitive phase which is independent of
endogenous melatonin (Sumova and Illnerova, 1996; Ja-
cob et al., 1997). Even if SP has been shown to induce a
shortening of both Per1 and Per2 peaks of mRNA and
proteins (Messager et al., 1999, 2000; Nuesslein-
Hildesheim et al., 2000; Steinlechner et al., 2002), very few
data are available on the effects of photoperiodic condi-
tions on the whole set of clock genes. This makes it very
difficult to understand how the clock may build the sea-
sonal message. To address this question we used in situ
hybridization to study the expression of Per1, Per2, Per3,
Cry1, Cry2, Bmal1 and Clock mRNA in the SCN of the
Syrian hamster exposed either to LP (LD 14:10) or to SP
(LD 10:14) for 8 weeks, conditions in which SP-induced
gonadal atrophy is observed. The data show that the daily
expression pattern of every clock gene is differentially
affected by photoperiod. In addition to variations in peak
duration, photoperiodic change could also regulate phase
relationship, amplitude and basal level of clock gene
mRNA expressions and even induce the appearance of a
rhythm in the case of Clock gene.

EXPERIMENTAL PROCEDURES

Animals

Adult male Syrian hamsters (Mesocricetus auratus) from our col-
ony were housed in LP (LD 14:10; lights on at 0400 h) with food
and water ad libitum. The light intensity was approximately 200 lux
during daytime and a constant dim red light (!1 lux) was on
throughout the experiment.

Twelve weeks after birth, 48 hamsters were transferred into
SP (LD 10:14; lights on at 0800 h), while 48 others were main-
tained in LD 14:10. Animals of both groups were killed 8 weeks
later. Four animals were killed by decapitation every 2 h in each
photoperiod. Brains were quickly removed and immediately frozen
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in pre-cooled isopentane, and stored at #70 °C. Testes were
dissected and weighed to confirm integration of the photoperiodic
change. All experiments were performed in accordance with Na-
tional Institutes of Health “Principles of Laboratory Animal Care”
(NIH publication no., 86-23, revised 1985) as well as in accor-
dance with French law. All efforts were made to minimize the
number and the suffering of animals used.

Transverse sections (14 $m), covering the rostro-caudal ex-
tent of the SCN, were cut on a cryostat and mounted as seven
series on gelatin-coated slides. Slides were then air-dried and
stored at #20 °C.

Radioactive in situ hybridization

Rat Per1 (981 bp), rat Per2 (760 bp), mouse Per3 (1141 bp),
mouse Cry1 (692 bp) and mouse Cry2 (665 bp) cDNA clones were
kindly donated by Prof. H. Okamura (Department of Anatomy and
Brain Science, Kobe University School of Medicine, Japan),
mouse Clock (3441 bp) clone was a gift of Prof. J. S. Takahashi
(Department of Neurobiology and Physiology, Northwestern Uni-
versity, Evanston, USA) and rat Bmal1 (1734 bp) clone was
provided by Dr. M. Ikeda (Department of Physiology, Saitama
Medical School, Japan).

Antisense and sense probes were transcribed in the presence
of %[35S]-UTP (1250 Ci/nmol, NEN-Dupont, Zavantem, Belgium)
according to the manufacturer’s protocol (MAXIscript, Ambion,
USA). In addition, the size of mClock probes was reduced from
3441 bp to about 250 bp by alkaline hydrolysis (0.1 $M sodium
carbonate buffer pH 10, at 60 °C for 34 min).

Sections were postfixed in 4% phosphate-buffered parafor-
maldehyde for 15 min, rinsed in 1& PBS and 2& SSC for 2 min
each, and then acetylated twice for 5 min in 0.1 $M triethanol-
amine, 0.375% acetic anhydride. After two washes (2& SSC and
1& PBS, 2 min each), sections were treated with 0.1 $M glycine
in 0.1 $M Tris for 30 min, rinsed twice for 2 min with 2& SSC and
1& PBS, dehydrated in graded ethanol series (70%, 90%, 95%
(with 250 mM ammonium acetate) and 100%, 1 min each) and
finally dried at room temperature (RT). Sections were hybridized in
a humid chamber with either denatured antisense or sense ribo-
probe in a solution containing 50% deionized formamide, 10%
dextran sulfate, 10 mM dithiothreitol, 1& Denhardt’s solution, 2&
SSC, 1 mg/ml salmon sperm DNA, 0.25 mg/ml transfer RNA, at
54 °C for 16 h (at 62 °C for mCry2). After incubation, sections
were rinsed twice with 2& SSC for 10 min at RT, before being
treated with ribonuclease A (Sigma, St. Louis, MO, USA; 0.02
Kunitz unit/ml) in 10 mM Tris pH 7.4, 0.5 M NaCl, 10 mM EDTA
buffer for 30 min at 37 °C. After one rinse, stringency washes were
carried out (4& SSC two times for 10 min at RT, 2& SSC two
times for 10 min at RT, 0.5& SSC for 15 min at 53 °C and then
0.2& SSC for 30 min at 62 °C). Finally, sections were dehydrated
in graded ethanol series (70%, 90%, 95% (with 250 mM ammo-
nium acetate) and 100%, 1 min each) and dried at RT.

Slides were exposed with 35S standards to an autoradio-
graphic film (BioMax, Kodak, Amersham, France) for one week.
Quantitative analysis of the autoradiograms was performed using
the computerized analysis system Biocom-program RAG 2000.

For each probe and each animal, quantification was per-
formed on the two SCN on three sections. Specific signal intensity
was obtained by subtraction of the background intensity measured
in the anterior periventricular zone. For each animal, values were
then averaged. Results thus correspond to the mean'S.E.M. of
four animals, for each time point in both photoperiods.

Specificity of each of the seven heterologous probes was
tested and demonstrated in the Syrian hamster by three different
methods: (1) saturation curve, (2) hybridization with the corre-
sponding sense probe and (3) decrease of the signal when hy-
bridization was performed with a mixture of radioactive and non-
radioactive probes.

Statistical analysis

First, a one-way analysis of variance (ANOVA) with time as a
factor was performed using Minitab software (Minitab Inc., State
College, PA, USA) to check whether the hybridization signal pat-
tern obtained for each mRNA in either photoperiod was time-
dependent. If so, the data were fitted by non-linear least-squares
regression (SigmaPlot, Chicago, IL, USA) to a logistic peak with
the following equation:

y(y0"(ymax/((1"exp(slope1*(phi#x)))*(1"exp(slope2*(x

#phi#d)))))

where y(mRNA level, y0(basal level, ymax(peak amplitude
(above basal); slope1(ascending slope; slope2(descending
slope; phi(time of half amplitude on increase; d(duration of the
peak (delay between times of half amplitude on increase and
decrease). The slopes were determined from regression on a
first-trial run, and then set at constant values throughout.

The effects of photoperiod were then assessed by a vari-
ance–covariance analysis (ANCOVA) in which the following pa-
rameters were introduced stepwise depending on F-to-enter:
)y0(difference in basal level, )ymax(difference in amplitude,
)phi(phase advance or delay for the time of half increase,
)d(difference in peak duration. When all parameters had been
added, the final equation was:

y((y0")y0)"((ymax")ymax)/((1"exp(slope1*(phi#x

")phi)))*(1"exp(slope2**x#phi#)phi#)d#d)))))

The analysis gave the calculated values of these last four
parameters and the associated probabilities. Any effect was con-
sidered statistically significant if P!0.05.

The expression pattern of mCry2 mRNA was found to be
different from the other genes and in this case a curve with two
logistic peaks was fitted. Thus, the final equation used for the
ANCOVA was:

y((y0")y0)"((ymax1")ymax1)/((1"exp(slope1*(phi1#x

")phi1)))*(1"exp(slope2*(x#phi1#)phi1#)d1#d1))))

"((ymax2")ymax2)/((1"exp(slope3*(phi2#x")phi2)))*(1

"exp(slope4*(x#phi2#)phi2#)d2#d2)))))

RESULTS

Clock genes’ mRNA expressions in the SCN of Syrian
hamsters are shown in Fig. 1. Zeitgeber time (ZT) 0 was
chosen as the light onset and was taken as the time of
reference to compare the two photoperiods. Differences
between photoperiods (SP compared with LP) in the du-
ration, phase shift (at the time of half increase), amplitude
and basal level of mRNA expression were calculated and
are given as parameter value'S.E. (asymptotic S.E. from
regression analysis). Results of ANCOVA (F test) are de-
picted as follows: ***(P!0.001, **(P!0.01, *(P!0.05.

A daily pattern of expression of Per mRNA was ob-
served in both LP and SP. Under LP, maximal expressions
were observed around ZT 9 for Per1, ZT 12 for Per2 and
ZT 7-13 for Per3. Under SP, they were around ZT 5 for
Per1, ZT 9 for Per2 and ZT 4-8 for Per3. Photoperiod had
a large influence upon the peak duration of Per1, Per2 and
Per3 mRNA with a shortened peak under SP
(#2h26'0h48**, #3h59'0h43***, #3h06'1h01** re-
spectively). SP also induced a significant phase advance
of the peak for Per1 (1h18'0h34*) and for Per3
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Fig. 1. Clock gene mRNA expression in the suprachiasmatic nuclei (SCN) of Syrian hamsters is affected by the photoperiod. Left: Clock gene mRNA
levels determined by in situ hybridization in the SCN in long LD14:10 (Œ, solid line) and short LD10:14 (e, dashed line) photoperiods. Each time point
represents the mean'S.E.M. of four animals. Right: Non-linear regression of clock gene mRNA levels in either long (solid line) or short (dashed line)
photoperiod. Regressions were calculated using the equation of one logistic peak for Period (Per) 1, Per2, Per3, Cryptochrome (Cry) 1, Bmal1 and
Clock (except for Clock in LP where solid lines represent the mean of the 12 values), and two logistic peaks for Cry2 (see text for details). Values of
mRNA levels are shown in dark gray for both long (Œ) and short (!) photoperiod.
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(2h24'0h41***). Moreover, the amplitude of the peak of
Per3 mRNA in SP was higher than in LP ("49.9'
15.3%**).

A rhythm in Cryptochrome mRNA levels was observed
in both photoperiods. Cry1 peaked around ZT 13 in LP and
ZT 10 in SP. Duration of mRNA expression was not af-
fected by photoperiodic change. Nevertheless, peak of
Cry1 was phase advanced (3h43'0h26***) and the basal
level was reduced under SP compared with LP (#23.1'
6.0%***). For Cry2, the patterns were biphasic, with high
levels at the light/dark transition in LP and during the night
in SP, and a narrow peak at ZT 3 in both photoperiods.
Photoperiod had no influence upon this narrow peak. The
later peak was shortened (#2h52'1h17*) and presented
a smaller amplitude in SP (#55.2'17.1%**) compared
with LP conditions.

Bmal1 mRNA was rhythmic in both photoperiods with a
nocturnal peak around ZT 14-20 in LP and ZT 11-18 in SP.
The only significant effect was a phase advance of mRNA
expression in SP compared with LP (2h25'0h23***).

Finally, levels of Clock mRNA showed variations in LP
(ANOVA; F11,36(3.10, P!0.01) and in SP (ANOVA;
F11,36(7.51, P!0.001). Nevertheless, non-linear regres-
sion to a curve with either one or two logistic peaks could
not fit the profile of Clock mRNA levels in LP. By contrast,
the regression analysis revealed a clear rhythm in Clock
mRNA in SP with the lowest values from ZT 22 to ZT 5.

DISCUSSION

As far as we know, the present study reports the first
description of daily profiles of Cry1, Cry2, Bmal1 and Clock
expression in a photoperiodic rodent. Our data show that
the expression patterns of all the clock genes studied are
differently affected by a change in the photoperiodic envi-
ronment.

In natural conditions, lengthening and shortening of
photoperiod affect the phase of both dark (D)/light (L) and
L/D transitions. In laboratory conditions, animals undergo
sudden 4- or 8-h change in rectangular light/dark cycles
and then are kept for several weeks (8 in our hands) under
stable photoperiod. As light undoubtedly appears as the
main Zeitgeber we took the (necessarily arbitrary) choice
to define lights-on as ZT0 and then to plot all data over this
ZT, even though an alternative model has been proposed
(Daan et al., 2002). Thus, the effect of photoperiod we
described as “phase advance” has to be understood with
reference to this ZT0.

Non-linear regressions of daily profiles permit the ef-
fects of photoperiods to be statistically compared. We
confirm previous studies showing shorter peak levels of
Per1 and Per2 expression under LD 8:16 when compared
with LD 16:8 (Messager et al., 1999; 2000; Nuesslein-
Hildesheim et al., 2000; Steinlechner et al., 2002). In the
present work, Syrian hamsters were kept under LD 14:10
and LD 10:14. Even in these conditions of reduced differ-
ences between photoperiods, photoperiodic differences in
duration of Per1 and Per2 mRNA high levels are obvious
(2h26'0h48 and 3h59'0h43, respectively). These differ-

ences are smaller than those described in the 16-h and 8-h
photophase studies. In addition, using the light-induced
c-fos expression in Syrian hamsters in three different pho-
toperiods, we had already shown that the duration of the
photosensitive phase of the SCN is tied to the length of the
night (Vuillez et al., 1996). Taken together these results
permit to conclude that the circadian pacemaking system
is tightly regulated by the duration of photoperiod.

In addition to Per1 and Per2 genes, Per3 mRNA levels
also present shorter peak duration under SP compared
with LP. Strikingly different patterns are observed however
for expression of the three Per mRNAs. Whereas Per1 and
Per3 show a phase advance of mRNA level under SP
compared with LP, Per2 does not; furthermore Per3, but
not Per1 and Per2, mRNA levels are higher. The expres-
sion profile of the Cry2 but not Cry1 genes is contradictory
to the profiles described in the literature. In the mouse for
example, Cry1 expression is rhythmic whereas there are
controversial results regarding the expression of Cry2
(Miyamoto and Sancar, 1998; Kume et al., 1999; Okamura
et al., 1999). Here we show that Cry1 expression is rhyth-
mic with a very similar sinusoidal pattern in both photope-
riods. The rhythm is phase advanced and shows weaker
mRNA basal level under SP. In contrast, the expression
pattern for Cry2 shows two peaks under both photoperi-
ods. The results for this clock gene are thus different from
what has been observed in the mouse. Inter-species dif-
ferences but also frequency of samplings (every 2 h in the
present study) may explain this discrepancy. In the Syrian
hamster, as we observed, SP affects Cry2 expression by
decreasing the duration and the amplitude of the main
peak that occurs during the night. The physiological role for
the morning peak of Cry2 is unknown. For Bmal1, the
rhythmic expression under SP conditions is phase-ad-
vanced compared with LP. Interestingly, Clock expression
pattern is very different between LP and SP conditions.
Whereas Clock expression levels are consistently high
under LP, a rhythmic pattern with levels decreasing at the
end of the night and subsequently rising in the middle of
the day was observed under SP conditions.

If we consider the current molecular model, the short-
ened peaks observed for Per1, Per2, Per3 and Cry2 under
SP might reflect a reduced transcriptional stimulation by
the CLK/BMAL1 heterodimer. If a linear relationship exists
between the mRNA and protein levels, which may not
necessarily be the case (Yang and Sehgal, 2001), a
shorter peak or reduced levels of mRNA for the compo-
nents of the positive limb of the transcriptional/translational
feedback loops might be expected under SP. This is sup-
ported by the diminished levels of Clock mRNA observed
in the present study. It is thus tempting to speculate that
the appearance of a rhythm of Clock gene expression
under SP is important in the establishment of a new phase
relationship between components of the negative (Per and
Cry genes) and positive feedback loops. With levels of
Clock decreasing earlier at the end of the night in SP one
might expect lower CLK protein levels the subsequent day,
thus diminished formation of CLK/BMAL1 heterodimers
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leading to reduced transcriptional activation and, thus,
shortened duration peaks for the Per and Cry2 genes.

The shorter Per2 mRNA peak in SP may be responsi-
ble for the shortened peak of PER2 protein reported by
Nuesslein-Hildesheim et al. (2000). Thus, if PER2 protein
plays a role in the transactivation of the Bmal1 gene
(Shearman et al., 2000; Yu et al., 2002), one would expect
a shortened peak for Bmal1 mRNA in SP. Such an effect,
however, was not observed. Thus, as the period of the
clock remains the same irrespective of photoperiod (en-
trained by the light/dark cycle which is always equal to
24 h), it is probable that additional mechanisms including
phosphorylation (Lowrey and Takahashi, 2000; Lee et al.,
2001), rate and speed of protein degradation (Yagita et al.,
2002) as well as complex regulation at the transcriptional
and post-transcriptional levels are necessary to get an
accurate integration of the photoperiod by the clock.

In the current debate over how SCN achieve seasonal
time measurement, a model (Daan et al., 2001) supposes
the existence of a morning oscillator (driven by Per1/Cry1)
and an evening oscillator (driven by Per2/Cry2). In the
present study, profiles of Per1 and Per2 mRNA expression
can support this hypothesis. Indeed, the onset of the Per1
and the Per2 rhythms are possibly anchored to morning
and evening, respectively. However, profile of Cry1 as well
as Cry2 gene expression does not fit this model. In both
photoperiods, maximal Cry1 gene expression is strictly
correlated with the L/D transition as would be expected for
an evening oscillator and not for a morning one. Then,
Cry2 main peak is effectively anchored to the L/D transition
in LP, as expected for an evening oscillator, but not in SP
conditions. Actually, the consequence of photoperiodic
change on Per duration appears to be much more relevant.
A stimulatory effect of light has been well demonstrated for
Per1 and Per2, both in mice (Albrecht et al., 1997; Shear-
man et al., 1997; Shigeyoshi et al., 1997) and golden
hamster (Moriya et al., 2000), whereas Per3 is not directly
inducible by a light pulse in either mice (Takumi et al.,
1998; Zylka et al., 1998) or golden hamster (Moriya et al.,
2000). Thus, the photophase length is probably first en-
coded by the Per1 and Per2 expression duration. This
effect could subsequently adjust the expression of other
components of the circadian clock till a steady state char-
acteristic of a given photoperiod is reached.

The present study shows that the core clock mecha-
nism integrates photoperiodic change. It thus seems that
the subsequent construction of the seasonal message in-
volves genes that are directly under the control of the
circadian clock (e.g. clock-controlled genes). The tran-
scriptional activation of these outputs of the clock would be
mediated, at least in part, by the heterodimer CLK/BMAL1,
as demonstrated for the vasopressin gene (Jin et al.,
1999). The different photoperiodic profiles of mRNA ex-
pression observed for Clock and Bmal1 genes may explain
the shorter peak of vasopressin in SP compared with LP
(Jac et al., 2000).

As a conclusion, we have demonstrated that the ex-
pression patterns of all clock genes are affected by pho-
toperiod. Furthermore, this expression is regulated in a

distinct way for each clock gene. In addition to changes in
duration, we came to observe diversified effects such as
phase advances, amplitude and basal level changes and
appearance of a rhythm in case of Clock in SP. Each of
these effects is equally important in terms of the consec-
utive presences of proteins and of their concentration ra-
tios at a given time in the cycle. Since the present exper-
iment was done under LD conditions, the data reflect more
how the molecular clock adapts to photoperiodic changes
rather than the endogenous mechanisms. Further experi-
ments are needed to delineate the effect of light and the
clock genes’ endogenous expression.
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