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In mammals, circadian oscillators exist not only in the suprachiasmatic nucleus, which harbors the central
pacemaker, but also in most peripheral tissues. It is believed that the SCN clock entrains the phase of
peripheral clocks via chemical cues, such as rhythmically secreted hormones. Here we show that temporal
feeding restriction under light–dark or dark–dark conditions can change the phase of circadian gene expression
in peripheral cell types by up to 12 h while leaving the phase of cyclic gene expression in the SCN unaffected.
Hence, changes in metabolism can lead to an uncoupling of peripheral oscillators from the central pacemaker.
Sudden large changes in feeding time, similar to abrupt changes in the photoperiod, reset the phase of
rhythmic gene expression gradually and are thus likely to act through a clock-dependent mechanism.
Food-induced phase resetting proceeds faster in liver than in kidney, heart, or pancreas, but after 1 wk of
daytime feeding, the phases of circadian gene expression are similar in all examined peripheral tissues.
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In mammals, most physiology and behavior are subject
to well-controlled daily oscillations. Thus, sleep–wake
cycles, heartbeat frequency, blood pressure, body tem-
perature, renal activity, liver metabolism, and the secre-
tion of many hormones are controlled by an endogenous
time measuring system called the circadian clock (Por-
taluppi et al. 1996; Rabinowitz 1996; Hastings 1997;
Schibler and Lavery 1999). On the basis of surgical abla-
tion and transplantation experiments, it is believed that
the suprachiasmatic nucleus (SCN) in the hypothalamus
coordinates most if not all daily rhythms in behavior and
physiology (Rusak and Zucker 1979; Ralph et al. 1990).
The SCN consists of two small, bilateral groups of neu-
rons and, as indicated by its name, is located directly
above the optical chiasma. SCN neurons receive infor-
mation about the light intensity in the environment via
direct synaptic connections with the retina, which
adapts the phase of SCN oscillator to the photoperiod
(Takahashi 1995; Hastings 1997). The SCN clock then
synchronizes overt rhythms in physiology and behavior,
probably through both synaptic connections and hu-

moral signals (Shibata and Tominaga 1991; Silver et al.
1996).

The molecular makeup of circadian clocks is subject
to intense genetic and biochemical investigation in vari-
ous organisms, including cyanobacteria, Neurospora,
higher plants, Drosophila, and mammals (for review, see
Reppert 1998; Dunlap 1999). In most examined systems,
autoregulatory feedback loops of gene expression are be-
lieved to provide the rhythm-generating mechanisms. As
several clock genes are homologous in flies and mam-
mals, it is likely that these mechanisms have been
largely conserved during animal evolution (Young 2000).
In mammals, Clock and Bmal1 are part of the positive
limb of the feedback circuitry, whereas two crypto-
chrome isoforms, Cry1 and Cry2, and perhaps the period
isoforms, Per1, Per2, and Per3, are part of the negative
limb (Brown and Schibler 1999; Jin et al. 1999; Shearman
et al. 2000). At present, the negative feedback loop in the
expression of timekeeper genes is the most widely used
molecular model in explaining how circadian clock-
works operate. Although it cannot be formally excluded
that circadian gene expression is a manifestation, rather
than the motor of, rhythm generation (Lakin-Thomas
2000), the cyclic mRNA and protein accumulation pro-
files can be used as convenient reporters for the phase of
circadian oscillators.
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Molecular oscillators do not exist solely in pacemaker
cells such as lateral head neurons in Drosophila, pine-
alocytes in cold-blooded vertebrates and birds, and SCN
neurons in mammals (for review, see Schibler and Lavery
1999). Rather, oscillators capable of generating several
consecutive cycles of circadian gene expression are also
found in peripheral, nonneuronal tissues of several ani-
mals, including Drosophila (Emery et al. 1997; Krishnan
et al. 1999; Giebultowicz et al. 2000), zebrafish (Cahill
1996; Whitmore et al. 2000), and mammals (Balsalobre et
al. 1998; Yamazaki et al. 2000). In Drosophila and ze-
brafish embryos, which are semitransparent, these pe-
ripheral clocks can be entrained directly by light via no-
nocular mechanisms (Plautz et al. 1997; Whitmore et al.
2000). However, in mammals, which are opaque, such
mechanisms are unlikely to be operative. Rather, light
resets the time of the central pacemaker in the SCN via
ocular mechanisms (see above), and the SCN clock then
synchronizes peripheral oscillators via neuronal connec-
tions and/or chemical signals (Shibata and Tominaga
1991; Sakamoto et al. 1998; Yamazaki et al. 2000). Ex-
periments with tissue-culture cells are in support of a
role of blood-borne substances as time-resetting cues.
Thus, a brief treatment of immortalized fibroblasts with
high concentrations of serum induces circadian gene ex-
pression persisting for several days (Balsalobre et al.
1998). Similar results are obtained with cells incubated
for a short time period with chemicals activating a vari-
ety of known signal transduction pathways. Thus, TPA,
a tumor promoter activating protein kinase C and MAP
kinases; FGF, a chemokine activating MAP kinases; for-
skolin and butyryl cAMP, substances that activate pro-
tein kinase A; and dexamethasone, a glucocorticoid hor-
mone analog, all provoke circadian gene expression in
tissue-culture cells (Akashi and Nishida 2000; Balsalobre
et al. 2000b; Yagita and Okamura 2000). Given the re-
sponsiveness of these oscillators to the multiple signals,
it appears likely that the central pacemaker may exploit
several chemical entrainment pathways to synchronize
peripheral clocks.

A major question in mammalian chronobiology con-
cerns the physiological purpose of circadian gene expres-
sion in peripheral cells. In liver, most known genes with
rhythmic expression encode enzymes or regulatory pro-
teins involved in food processing and energy homeosta-
sis. These include cholesterol 7� hydroxylase (Mitropou-
los et al. 1972; Noshiro et al. 1990; Lavery and Schibler
1993), the rate-limiting enzyme in the synthesis of bile
acids, a number of cytochrome P450 enzymes involved
in detoxification and elimination of food components
(e.g., coumarin hydroxylase, Cyp2a5; Lavery et al. 1999),
enzymes involved in carbohydrate metabolism (e.g.,
PEPCK, glycogen synthase, glycogen phosphorylase;
Ishikawa and Shimazu 1976; Roesler and Khandelwal
1985; Frederiks et al. 1987), and transcription factors
governing fatty acid metabolism (e.g., PPAR and spot 14;
Kinlaw et al. 1987; Lemberger et al. 1996). At least in
liver, the coordination of physiological needs during the
absorptive and postabsorptive phase may be the major
function of circadian oscillators. Previous reports on re-

stricted feeding are in keeping with this conjecture. For
example, in the liver of (nocturnal) rats, the phase of the
daily Dbp mRNA accumulation profile is severely al-
tered when food is offered exclusively during the day
(Ogawa et al. 1997).

As nocturnal animals, mice consume most of their
food during the night. Here we show that feeding of mice
exclusively during the day completely inverses the phase
of circadian oscillators in peripheral cells, but has little if
any effect on the central oscillator in the suprachias-
matic nucleus. Interestingly, feeding during the subjec-
tive day under constant dark (DD) conditions uncoupled
peripheral from central oscillators to a similar extent as
under light–dark (LD) conditions. Hence, the feeding-
time-induced uncoupling of circadian phases in periph-
eral cells and SCN neurons cannot be explained by a
dominant Zeitgeber effect of light in the SCN. Rather,
feeding elicits entrainment cues that act specifically on
oscillators in peripheral tissues and that are ineffective
in resetting time in the SCN.

Results

Restricted feeding during the day uncouples circadian
liver gene expression from circadian gene expression
in the suprachiasmatic nucleus

As mentioned above, a major task of circadian oscillators
in liver cells (and perhaps other peripheral cell types)
may be to anticipate and adapt the physiological condi-
tions required for food processing. As nocturnal animals,
mice consume ∼80% of their food during the active dark
phase if kept under a 12-h light/12-h dark cycle (LD) and
if food is offered ad libitum. To examine whether feeding
time can affect the phase of circadian liver gene expres-
sion, mice were fed for 9 d exclusively during the night
or during the day. At the conclusion of the entrainment
period, the phase of mRNA expression for the four clock
components, PER1, PER2, PER3, and CRY1, the two cir-
cadian transcription factors DBP and Rev-erb�, and the
cytochrome P450 enzyme coumarin 7-hydroxylase
(Cyp2a5) was determined. As shown in Figure 1A and B,
the phases of all examined mRNA accumulation profiles
differ by 8–12 h between mice fed during the day or dur-
ing the night. As expected, livers of mice fed exclusively
during the night (Fig. 1A,B) or ad libitum displayed a
similar phase angle of cyclic liver gene expression (for
mice fed ad libitum, see Lopez-Molina et al. 1997; Lavery
et al. 1999; Balsalobre et al. 2000a). However, feeding
during the day almost entirely inversed the phase of the
liver oscillator. Hence, feeding time appears to be a po-
tent Zeitgeber for circadian liver gene expression.

From the data presented thus far, the effects of feeding
regimen on circadian phase could be either caused by a
specific change in circadian gene expression or by a more
general perturbation of liver transcription. To differenti-
ate between these possibilities, we examined the expres-
sion profiles of ∼110 random genes using a novel cDNA
display method, dubbed ADDER (amplification of
double-stranded cDNA end restriction fragments; B.
Kornmann, N. Preitner, D. Rifat, F. Fleury-Olela, and U.
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Schibler, in prep.). This method involves the PCR am-
plification of cDNA fragments subpopulations using
pairs of primers differing in their ultimate and penulti-
mate nucleotides. The left panel of Figure 2 shows the
display of the cDNA fragments populations containing
the 3�-terminal cDNA fragment of coumarin 7-hydroxy-
lase (Cyp2a5; see Fig. 1A,B), using the RNAs depicted
in Figure 1A as templates for cDNA synthesis. A visu-
al inspection of the ∼60 cDNA fragments contained in
this subpopulation suggests that the large majority of
mRNAs are expressed at constant levels, irrespective of
the feeding regimen. In contrast, the phase of circadian
Cyp2a5 mRNA expression is completely inversed, as ex-

pected from the ribonuclease protection study presented
in Figure 1 (panels A and B). Another circadian cDNA
fragment yet unidentified (labeled as X) is also present
and shows an inverted pattern in daytime-fed mice. A
second example of a cDNA population amplified with a
different set of primers is shown in the right panel and
reveals only one circadian- and feeding-dependent cDNA
fragment (Y) among ∼50 others. Thus, restricted feeding
appears to affect specifically the accumulation of circa-
dian mRNAs and does not result in a gross alteration of
liver gene expression.

In principle, the resetting of circadian gene expression
in the liver could be accomplished either by phase shift-

Figure 1. Daytime feeding changes the
phase of circadian gene expression in the
liver but not in the suprachiasmatic
nucleus (SCN). Mice, kept under a light-
dark regimen (lights on 6 A.M., lights off 6
P.M.), were fed for eight consecutive days
exclusively during the light phase (6 A.M.
to 6 P.M.) or during the dark phase (6 P.M. to
6 A.M.). During the ninth day, animals
were killed at 4-h intervals to prepare
whole-cell RNA from liver and tissue sec-
tions from the brain. (A) Circadian accu-
mulation of clock and clock-controlled
genes in the liver. The levels of transcripts
from the genes indicated to the left of the
panels were determined by ribonuclease
protection assays (Cyp2a5 stands for cou-
marin hydroxylase). Tbp mRNA or �-actin

mRNA were included as standards for
transcripts whose expression is constant
throughout the day (data not shown). (B)
The mRNA signals obtained in the ribo-
nuclease protection assays shown in panel
A were measured by scanning the autora-
diography and normalized to the signals
generated by �-actin mRNA (for Cyp2a5)
or Tbp mRNA (for all other transcripts).
(C) Serial coronal brain sections taken
above the optical chiasma were hybridized
in situ to 35S-labeled Per1 and Per2 anti-
sense and sense RNA strands. Note that
no detectable hybridization signals were
obtained with the sense probe. (D) Circa-
dian accumulation of Per1 and Per2

mRNA in the SCN of mice after 8 d of
restricted feeding. Coronal sections from
brains harvested at 4-h intervals around
the clock were hybridized in situ to Per1

and Per2 antisense RNA probes as de-
scribed in panel C. Note that the phases of
rhythmic Per1 and Per2 expression are not
affected by restricted feeding.
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ing the SCN clock, which then imposes the new phase
upon the liver, or by uncoupling the liver oscillator from
the SCN pacemaker. To discriminate between these two
possibilities, circadian Per1 and Per2 mRNA accumula-
tion was examined by in situ hybridization to coronal
brain sections containing the SCNs from the same ani-
mals used in Figure 1A. The results displayed in Figure 1D
clearly demonstrate that feeding time has little if any in-
fluence on circadian Per1 and Per2 expression in the SCN.

The experiments described above, in which the ani-
mals were kept under a LD regimen, could be interpreted
in two ways. Either food entrainment cannot serve as an
effective Zeitgeber for the SCN pacemaker or light en-
trainment is dominant over food entrainment in the
SCN. To address this issue, Per1 and Per2 mRNA accu-
mulation was monitored in the SCN and in the liver of
mice kept in constant darkness (DD) during the time
period of restricted feeding. As shown in Figure 3, the
results obtained in this experiment are similar to the
ones observed with animals kept under 12-h LD cycles.
It thus appears that feeding time does not act as a potent
Zeitgeber in SCN neurons.

Food entrainment of peripheral clocks requires
several days

The adaptation of the mammalian circadian system to
sudden and large changes in the photoperiod requires

several days (Deacon and Arendt 1996). In contrast, mice
with a defective clock, such as the ones homozygous
for Cry1 and Cry2 null alleles, immediately adapt their
behavior to new LD cycles. Apparently, their behavior
is driven solely by environmental Zeitgebers, such as
differences in light intensity. Hence, at least for light-
induced phase resetting of circadian locomotor ac-
tivity, a gradual temporal adaptation to abrupt and large
changes in entrainment can be taken as a criterion
for a clock-dependent mechanism (van der Horst et al.
1999).

To examine whether shifting mice from unrestricted
feeding to daytime feeding entrains circadian gene ex-
pression in liver gradually or abruptly, the accumulation
of Cry1 mRNA and Rev-erb� mRNA was determined at
2 P.M. and 10 P.M. during day 1, day 3, and day 7 after
initiation of the day-only feeding regimen. As seen in
Figure 1 A and B, the accumulation cycles of these two
transcripts exhibit roughly opposite phases during the
daytime and nighttime feeding regimens after a long-
term entrainment. The results displayed in Figure 4A
clearly demonstrate that the phases of Cry1 and Rev-
erb� expression do not change immediately after the on-
set of the restricted feeding regimen. This gradual phase
shifting is reminiscent of light-mediated time resetting
in the SCN (Van der Horst et al. 1999) and suggests that
a clock-dependent mechanism is operative during the
resetting of the liver oscillator. Further evidence for this

Figure 2. ADDER (amplification of
double-stranded cDNA end restriction
fragments) differential display of liver
cDNAs from mice fed exclusively during
the day or during the night. Double-
stranded cDNA fragments encompassing
mRNA sequences located between the
poly A addition sites and the most proxi-
mal Mbo1 restriction sites were synthe-
sized using total liver RNA as a template.
The RNA was collected at 4-h intervals
from mice fed either during the day or dur-
ing the night. The left panel shows a
subpopulation of cDNAs containing the
3� sequences of coumarin 7 hydroxylase
(Cyp2a5) transcripts and ∼60 other 3�-ter-
minal mRNA sequences amplified and
displayed on a 5% urea-polyacrylamide gel
(see Materials and Methods). X is a yet un-
identified circadian fragment. The right
panel shows a subpopulation of cDNA am-
plified using a second set of primers (see
Materials and Methods). Y is a yet uniden-
tified circadian fragment. The positions of
molecular size markers are indicated in
the middle of the figure.
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conjecture was obtained by examining the expression of
Dbp during the entrainment period (see below).

Since the food-induced phase reversal of circadian liver
gene expression required several days, one would expect
that the newly entrained oscillator would also need
some time to readapt to the original phase on reversal of
feeding time. As shown in Figure 4B, this appears to be
the case. Switching from daytime to nighttime feeding
with an interval of 24 h without food, resulted in only
moderate phase changes for Cry1 and Per2 mRNA ex-
pression during the 24-h period following food readdition
(cf. Fig. 1A with Fig. 4B). Moreover, Per2 and Rev-erb�

mRNA levels still rise between 4 and 8 h earlier than in
mice entrained to night feeding. Interestingly, food in-
take after a 24-h starvation period appears to down-regu-
late Per1 mRNA levels for several hours before they rise
again. Conceivably, this altered Per1 expression may
play a role in the readaptation of peripheral clocks to
nighttime feeding.

We also wished to examine whether the phase of the
food-entrained oscillator changed on food withdrawal.
As shown in Figure 5 A and B, the phases of Rev-erb�,
Per2, and Cry1 expression remain similar for 24–36 h
when food is removed after 7 d of day-only feeding. Per1
expression behaves somewhat differently under this con-
dition in that the amplitude of Per1 mRNA accumula-
tion becomes severely dampened after prolonged food
deprivation (Fig. 5A,B). A constitutively high expression

of Per1 mRNA is generally observed in starved mice,
irrespective of whether they have been fed during the day
or ad libitum before food deprivation (F. Damiola, N.
Preitner, and U. Schibler, unpubl.).

Figure 5C shows the Per1 and Per2 mRNA accumula-
tion profiles in the SCN of mice that were starved during
the 48-h time period following day-only feeding. A com-
parison of these data with those presented in Figures 1D
and 3C reveals that neither starvation nor restricted
feeding affect the phase of the SCN pacemaker to any
significant degree.

Food entrainment proceeds with different kinetics
in different tissues

In mice fed ad libitum, the phases of all peripheral oscil-
lators appear to be synchronous. We thus wanted to de-
termine whether restricted feeding resets the time in pe-
ripheral tissues other than liver, which plays a particu-
larly important role in food processing. To this end, we
recorded Dbp mRNA accumulation in kidney, heart, and
pancreas, in addition to liver, in mice fed exclusively
during the night or during the day for 1 wk. Dbp tran-
scription is directly controlled by the molecular oscilla-
tor (Ripperger et al. 2000) and displays a high amplitude
of circadian expression in several tissues (Wuarin et al.
1992; Lopez-Molina et al. 1997). Figure 6A shows that
the phases of Dbp mRNA accumulation cycles are simi-

Figure 3. Circadian gene expression in the liver
and the suprachiasmatic nucleus (SCN) of food-
entrained mice kept in constant darkness. Mice,
kept in constant darkness (DD) were fed for six
consecutive days exclusively during the subjec-
tive day (6 A.M. to 6 P.M.) or during the subjective
night (6 P.M. to 6 A.M.). During the seventh day,
animals were killed at 4-h intervals to prepare
whole-cell RNA from liver and tissue sections
from the brain. (A) Circadian Per1 and Per2

mRNA accumulation in the liver. Transcript lev-
els were determined as described in Figure 1. (B)
The signals obtained in the ribonuclease protec-
tion assays shown in panel A were quantified and
normalized to Tbp mRNA levels (not shown in
panel A). (C) The accumulation of Per1 and Per2

mRNA in the SCN of food entrained animals was
revealed by in situ hybridization as described in
Figure 1.
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lar in all examined tissues of animals fed during the
night for 1 wk. As already pointed out earlier, this phase
is nearly identical to that observed in animals fed ad
libitum (Lopez-Molina et al. 1997; Ripperger et al. 2000).
Importantly, the phase of Dbp expression is inversed in
all four examined tissues of mice fed exclusively during
the day (Fig. 6B). Hence, restricted feeding resets the
phase of circadian gene expression in peripheral tissues
other than the liver and, perhaps, in all tissues.

We wished to examine whether daytime feeding shifts
the phase of circadian gene expression with the same or
different kinetics in different tissues. To this end, Dbp
mRNA accumulation was recorded in liver, kidney,
heart, and pancreas on the fourth day after the onset of
restricted feeding, at which time the phase of the liver
oscillator is not yet fully reversed (see above). As shown
in Figure 6C, different temporal Dbp expression patterns
were obtained for liver, kidney, heart, and pancreas. In
liver, Dbp mRNA levels reach peak values around 2 P.M.
on day 3 and rise around 6 A.M. on day 4. In contrast, the

phase of circadian Dbp expression in kidney is still simi-
lar to that observed in animals fed ad libitum or during
the night only (see Fig. 6A). In heart and pancreas, Dbp
mRNA levels are relatively high throughout the exam-
ined time period. We do not know whether the low-am-
plitude accumulation profiles on day 3 in heart and pan-

Figure 5. Circadian gene expression in liver after food-entrain-
ment. (A) Mice kept under a LD regimen (lights on at 6 A.M.,
lights off at 6 P.M.) were fed exclusively during the day for seven
consecutive days. On the morning of the eighth day, food was
not given back, and animals were sacrificed at 4-h intervals
during the following 36 h. Thus, after daytime feeding the mice
were starved between 12 and 48 h before they were killed for the
analysis of the various mRNAs (depicted to the left of the pan-
els). (B) mRNA levels obtained for starved mice (panel A) were
quantified and normalized to Tbp mRNA. The times at which
zenith mRNA levels were reached in daytime- and nighttime-
fed mice are indicated by black and white arrows, respectively
(see Fig. 1). (C) Per1 and Per2 mRNA accumulation in the su-
prachiasmatic nucleus (SCN) of starved animals (see panel A)
has been determined by in situ hybridization to coronal brain
sections as described in Figure 1. Note that daytime feeding
followed by starvation has no effect on circadian Per1 and Per2

mRNA accumulation in the SCN.

Figure 4. Circadian gene expression changes gradually during
restricted feeding. (A) Mice kept under a LD regimen (lights on
at 6 A.M., lights off at 6 P.M.) were fed exclusively during the day
for 1 d, 3 d, or 1 wk. The animals were then sacrificed at 2 and
10 P.M. to prepare whole-cell liver RNA. Transcript levels for
Cry1 and Rev-erb� were determined as described in Figure 1. (B)
Mice were fed exclusively during the day for seven consecutive
days and, after a starvation of 24 h, switched to nighttime feed-
ing by offering food during the night of the eighth day (from 6
P.M. to 6 A.M.). Animals were sacrificed at 4-h intervals (starting
at 6 P.M. of the eighth day) for the analysis of mRNAs. Note that
Per2 mRNA, Rev-erb� mRNA, and Cry1 mRNA are still at
levels intermediate between those observed for mice fed during
the night or during the day.
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creas reflect intermediate states of phase resetting in all
cell types composing these tissues or whether they are
the results of different superimposed accumulation pro-
files with different phases in the different cell types of
these tissues.

Daytime feeding changes circadian body
temperature fluctuations

In mammals, body temperature oscillates in a daily fash-
ion with a difference between highest and lowest
values of 1°–3°C, depending on the species (Refinetti
1996). Temperature cycles may not only be an output
of the pacemaker but may actually also feed back as
input cues for circadian oscillators. We thus recorded
body temperature fluctuations by telemetry to deter-
mine whether restricted feeding during the night or dur-
ing the day affects diurnal body temperature fluctua-
tions. Figure 7 shows temperature profiles recorded
for animals fed ad libitum, during the night, and during
the day. As shown in panel B of Figure 7, nighttime
feeding has little influence on the amplitude, phase, or
shape of daily temperature profiles. Irrespective of
whether the mice are fed throughout the 24-h day or
during the night only, zenith values are reached during
the dark phase. These peak values are about 3°–4°C
higher than the trough values observed during the light
phase. In contrast, switching from unlimited food
supply to day-only feeding alters the temperature cycles
dramatically (Fig. 7A). Already, toward the end of the
first night after food deprivation, a strong transient de-
pression of up to 3°C below normal nadir values is ob-
served. This transient temperature depression occurs
somewhat earlier during the second day of restricted
feeding and then repeats itself during the following days.
Starting at the second day after food limitation, nadir
temperatures are reached during the dark phase and ze-
nith temperatures during the dark–light and light–dark
transitions.

In conclusion, daytime feeding dramatically affects
the phase, shape, and amplitude of body temperature
profiles. During the first 24 h after food deprivation, a
difference between zenith and nadir levels of up to 6°C
could be observed. Even more dramatic daily drops in
body temperature have previously been observed in mice
that were starved for extensive time periods or subjected
to chronic caloric restriction (Hudson and Scott 1979;
Nelson and Halberg 1986).

Discussion

Daytime feeding uncouples peripheral circadian
oscillators from the central SCN pacemaker

Recent evidence obtained in mouse and rat suggests that
many peripheral cell types of mammalian organisms har-
bor circadian oscillators (Balsalobre et al. 1998; Zylka et
al. 1998; Akashi and Nishida 2000; Yamazaki et al.
2000). According to the currently held model, these os-
cillators are synchronized via chemical cues by a master
pacemaker, residing in the suprachiasmatic nucleus
(SCN) of the hypothalamus, which itself is entrained
by the photoperiod (Takahashi 1995; Hastings 1997;
Yamazaki et al. 2000). The results presented in this
study demonstrate that feeding mice exclusively during
the day inverses the phase of circadian expression of pu-
tative clock genes (Per1, Per2, Per3, and Cry1) and clock-
controlled genes (Dbp, Rev-erb�, and Cyp2a5) in periph-
eral tissues. A similar phase resetting of peripheral cir-
cadian oscillators has also been observed in daytime-fed
rats (data not shown), suggesting that food is a dominant
Zeitgeber for peripheral clocks in various mammalian
species. As suggested by differential mRNA display, day-
time feeding appears to influence specifically the accu-
mulation of circadian liver mRNAs and does not result
in gross changes of gene expression (Fig. 2; B. Kornmann,
N. Preitner, and U. Schibler, unpubl.). Interestingly, re-
stricted feeding does not affect the phase of circadian
gene expression in the SCN, irrespective of whether the

Figure 6. Restricted feeding resets the
phase in various peripheral tissues. Mice
kept under a light-dark regimen (lights on
6 A.M., lights off 6 P.M.) were fed for three
or six consecutive days exclusively during
the light phase (6 A.M. to 6 P.M.) or for six
days exclusively during the dark phase (6
P.M. to 6 A.M.). During the fourth or sev-
enth day, respectively, animals were sac-
rificed at 4-h intervals to prepare whole-
cell RNA from liver, kidney, heart, and
pancreas. Dbp mRNA levels were deter-
mined by ribonuclease protection assays
in the organs and at the daytimes indi-
cated on top of the panels. �-actin mRNA
was included as a transcript whose accu-
mulation does not oscillate during the day.
(A) Temporal Dbp expression in mice fed
during 6 d exclusively during the night. (B) Temporal Dbp expression in mice fed during 6 d exclusively during the day. (C) Temporal
Dbp expression in mice fed during 3 d exclusively during the day.
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animals are kept under LD or DD conditions. Hence, it
appears that the unresponsiveness of the SCN clock to
feeding time reflects an inherent property of the central
pacemaker, rather than a dominance of photic entrain-
ment over food entrainment.

In contrast to restricted feeding during the day, night-
time feeding has little effect on the phase of circadian
gene expression. This may not be surprising, given that
mice (as nocturnal animals) consume ∼80% of the food
during the night (N. Preitner and F. Damiola, unpubl.)
when they are fed ad libitum. Nighttime feeding also
does not significantly alter circadian body temperature
rhythms. Thus, in mice fed exclusively during the night,
there is no sign of a core temperature depression
below the nadir values recorded for animals fed ad libitum.

We also examined whether restricted feeding influ-

ences voluntary locomotor activity, as measured by cir-
cadian wheel-running activity (data not shown). Mice
kept in a 12-h light/dark regimen displayed similar ac-
tograms irrespective of whether food was offered
throughout the day, during the dark phase, or during the
light phase. However, when mice were kept under DD
conditions, we did observe some notable differences be-
tween the actograms of animals fed ad libitum or exclu-
sively during the subjective night or during the subjec-
tive day. In constant darkness, restricted feeding during
the subjective night kept the animals on a precise 24-h
schedule and prevented them from free running with the
period dictated by their endogenous pacemaker. Hence,
in accordance with previously reported data (White and
Timberlake 1995; Holmes and Mistlberger 2000), feeding
time can serve as a Zeitgeber in the daily resetting of the

Figure 7. Daytime feeding causes body temperature depressions during the night. Temperature probes were implanted in the ab-
dominal cavities of mice and body temperature rhythms were recorded by telemetry in animals fed either ad libitum or exclusively
during the night or during the day. The feeding periods are indicated by solid bars on top of the panels. The dark phases are depicted
in blue. (A) Body temperature recordings from two individuals fed during 5 d exclusively during the day. Note the dramatic tempera-
ture depressions during the dark phases of daytime feeding. (B) Recordings from two individuals fed during 7 d exclusively during the
night. In some animals (e.g., the one shown in the bottom panel), the minimal temperature values observed during the light phase
became slightly lower after several days of nighttime feeding.
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central circadian clock by a few minutes. The wheel-
running data obtained for mice kept under DD condi-
tions and fed exclusively during the day were more dif-
ficult to interpret. While most of the wheel running was
still restricted to the subjective night, most examined
animals were more active during the second half of the
night after ∼3 d. As this altered behavior is not accom-
panied by phase changes in circadian Per1 and Per2 gene
expression in the SCN, the shifting of wheel-running
activity toward the second half of the night may be
brought about by noncircadian mechanisms of behavior
(e.g., homeostatic sleep components; see Borbely and
Achermann 1999).

How does restricted feeding entrain peripheral
oscillators?

A hypothetical model summarizing the observations
presented in this study is shown in Figure 8. We demon-
strate that restricted feeding entrains peripheral oscilla-
tors without affecting the molecular clock in the SCN.
Therefore, the food-induced phase resetting of peripheral
clocks is probably not controlled solely by the SCN pace-
maker. More likely, feeding operates through pathways
that counteract the synchronization of peripheral clocks
by the central SCN pacemaker. While the input signal-
ing pathways for peripheral oscillators remain to be iden-
tified, it is tempting to speculate that body temperature
cycles participate in the synchronization of peripheral
oscillators. Indeed, in other systems there is ample evi-
dence for the entrainment of circadian clocks by tem-
perature cycles with very small differences between peak

and nadir values (Liu et al. 1998; Sidote et al. 1998). As
shown in Figure 7A, daytime feeding elicits a dramatic
and transient depression of body temperature during the
night, when maximal temperatures are reached in mice
fed ad libitum. The lowest value of ∼33°C is reached
during the first night after food removal. It is conceivable
that this alteration in daily temperature profile is criti-
cally involved in the rephasing of peripheral clocks. If
true, this would beg the question of why the SCN pace-
maker is not reset by daytime feeding. Conceivably, the
temperature fluctuations elicited by restricted feeding
are less dramatic in the SCN region, or the central pace-
maker is more resistant to temperature variations than
peripheral oscillators.

Obviously, it is also possible that restricted feeding
acts on peripheral oscillators via chemical cues that can
only signal to peripheral cells. Glucocorticoid hormones
would be excellent candidates for such signals, as they
cause phase shifts exclusively in peripheral cells types
(Balsalobre et al. 2000a). However, experiments with
mice carrying liver-specific mutations in the glucocorti-
coid receptor gene indicate that glucocorticoid-signaling
counteracts rather than facilitates the rephasing of pe-
ripheral clocks by daytime feeding (N. Le Minh, F. Da-
miola, F. Fleury-Olela, F. Tronche, G. Schütz, and U.
Schibler, unpubl.).

The purpose of circadian gene expression in peripheral
cell types

The work presented here suggests that circadian gene
expression in peripheral cells is intimately connected to

Figure 8. Hypothetical model on the en-
trainment of peripheral oscillators. The cen-
tral circadian pacemaker in the suprachias-
matic nucleus (SCN) is entrained by solar
cycles via the retino-hypothalamic tract
(RHT). (A) When food is available throughout
the day or during the normal activity phase
(dark phase in nocturnal animals), the SCN
synchronizes peripheral clocks via cycles in
the secretion of blood-borne factors (e.g., hor-
mones) or temperature rhythms. Both of these
time cues may ultimately be controlled by
the feeding behavior governed by the SCN. (B)
When food is only available during the phase
at which the animals are normally inactive
(light phase in nocturnal animals), signals
triggered by food processing and/or the lack of
food processing act as dominant Zeitgebers on
the oscillators of peripheral tissues.
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feeding. In keeping with this conjecture, liver is the or-
gan reacting most rapidly to the temporal feeding regi-
men. Indeed, the liver plays a dominant role in the me-
tabolism and processing of food components, such as car-
bohydrates, proteins, and lipids. For example, during the
absorptive phase, liver cells polymerize glucose into gly-
cogen stores, while during the postabsorptive phase they
degrade glycogen into glucose. This helps in establishing
a constant supply of glucose to cells that are incapable of
gluconeogenesis. The temporal regulation of glucose ho-
meostasis demands that the glycogen synthase activity
is high during the absorptive phase and low during the
postabsorptive phase and that the converse applies to the
activity of glycogen phosphorylase. At least in part, this
temporal regulation is under the control of the circadian
time-keeping system (N. Preitner and U. Schibler, un-
publ.; Ishikawa and Shimazu 1976). Another example is
the conversion of cholesterol to bile acids, detergents
required for the emulsification of food lipids. Thus, the
expression of the gene encoding cholesterol 7� hydroxy-
lase, the rate-limiting enzyme in bile acid synthesis, is
under stringent circadian control (Lavery and Schibler
1993, and references therein). Rhythmic expression has
also been observed for enzymes involved in protein and
amino acid metabolism, such as serine dehydratase
(Ogawa et al. 1994), and transcription factors involved in
fat metabolism, such as PPAR� and spot 14 (Kinlaw et al.
1987; Lemberger et al. 1996; Kersten et al. 2000). As food
also contains numerous toxins, the modification and
elimination of hazardous substances demand a high ac-
tivity of detoxifying enzymes during the absorptive
phase. Indeed, several genes specifying cytochrome
P-450 enzymes involved in such processes or enzymes
involved in the synthesis and regeneration of cyto-
chrome P-450 enzymes are subject to circadian regula-
tion. Examples include coumarin hydroxylase (Lavery et
al. 1999; this article), NADPH-cytochrom-p450-reduc-
tase (Belanger 1996), and �-aminolevulinate synthase
(Rodriguez et al. 1996).

A connection between circadian gene regulation and
metabolism/energy homeostasis has been established for
numerous organisms across many phyla, including cya-
nobacteria, marine algae, fungi, higher plants, and fruit
flies (Portaluppi et al. 1996; Rabinowitz 1996; Hastings
1997; Roenneberg and Merrow 1999; Schibler and Lavery
1999). In fact, during the evolution of lower organisms,
the adaptation of the metabolism to solar cycles may
have been the major selective force in establishing cir-
cadian physiology. We propose that in mammals, food
processing and its anticipation are the major purposes of
circadian gene expression in liver and perhaps in other
peripheral organs. This rhythmic gene expression is an
output of peripheral oscillators that, under normal con-
ditions, are probably synchronized via signals governed
by the central pacemaker in the SCN. However, when
food availability becomes restricted and remains in a
long-lasting temporal conflict with the activity phase
dictated by the SCN, peripheral oscillators become un-
coupled from the central pacemaker. We speculate that
this uncoupling may be facilitated by changes in body

temperature rhythms that accompany the altered feed-
ing behavior. As soon as the food availability returns to
normal, the SCN clock, whose phase angle remained un-
affected by temporally restricted feeding, resynchronizes
the peripheral oscillators. It will be an enticing challenge
to identify the signal transduction pathways participat-
ing in the entrainment of peripheral clocks by the SCN
and by feeding.

Materials and methods

Animal care and handling

All experiments were done with mice between 10 and 16 wk of
age. The animals were kept in a 12-h light/dark regimen (light
on at 6 A.M.). Mice fed during the day received food from 6 A.M.
to 6 P.M., whereas mice fed during the night received food from
6 P.M. to 6 A.M.

Telemetric body temperature recordings

To introduce the temperature probes, mice were anesthesized
for 30 min by intraperitoneal injection of kétarom (7 µL/g of
body weight). Kétarom is prepared by mixing 2.4 mL of 50 mg/
mL kétasol (E. Graub AG), 0.8 mL of 2% rompun (Provet AG),
and 6.8 mL of 0.9 % NaCl. The temperature probe was intro-
duced into the abdominal cavity behind the gut via a 1.5-cm
incision made in the skin and linea abla. The muscle wall and
the skin were then closed by five stitches and two staples, re-
spectively. All the components of the telemetric system, in-
cluding the probes (PDT-4000 E-mitters), the receivers detect-
ing the probe signals (ER-4000 Energizer-Receivers), and the Vi-
talview Software and Hardware Interface Card for data
acquisition and analysis, were purchased from Minimitter. The
mice were housed in cages in ventilated light-tight cabinets.
Inside the cabinets, the timing of light/dark regimens was con-
trolled by the computer software Chronobiology Kit (Standford
Software System).

Ribonuclease protection experiments

Mouse tissues, except pancreas, were removed within 4 min
after decapitation, frozen in N2 liquid, and stored at −70°C until
use. The pancreas (which contains exceedingly high levels of
ribonuclease) was immediately homogenized in the guanidium
thiocyanate lysis buffer used for RNA extraction. The extrac-
tion of whole-cell RNA and its analysis by ribonuclease protec-
tion assays were performed as described (Schmidt and Schibler
1995). The antisense Rev-erb� RNA probe was transcribed from
a pBluescript-KS+ vector containing an RT–PCR product of
mouse Rev-erb� mRNA (+376 to +614; N. Preitner and U.
Schibler, unpubl.). The Dbp and Tef antisense RNA probes are
complementary to rat Dbp mRNA (+1126 to +1221) and rat Tef

mRNA (+598 to +693; Fonjallaz et al. 1996). The Tbp probe is
complementary to mouse Tbp mRNA (+36 to +135; Schmidt
and Schibler 1995). The Per3 and Cry1 probes (kindly provided
by A. Balsalobre) are complementary to mouse Per3 mRNA
(+367 to +572) and mouse Cry1 mRNA (+83 to +312), respec-
tively (Balsalobre et al. 2000a). The Per2 probe is complemen-
tary to mouse Per2 mRNA (+165 to +287; Balsalobre et al. 1998).
The Per1 probe is complementary to mouse Per1 mRNA (+2397
to +2523; gift from J. Ripperger). The �-actin and coumarin hy-
droxylase (Cyp2a5) are described by Lavery et al. (1999).

In all cases, the plasmids were linearized with a suitable re-
striction enzyme and the antisense RNA probes were prepared
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by in vitro transcription of the linearized templates with T7 or
T3 RNA polymerase using (�32P)-UTP. Autoradiography was
performed with an intensifying screen (FUJI) at −70°C for 1–5 d.

The signals obtained in ribonuclease protection experiments
were quantified by scanning the autoradiographies, using a HP
ScanJet 6100C/T scanner, and normalized to the signals ob-
tained for Tbp mRNA. Tbp mRNA accumulation is not subject
to circadian regulation (Balsalobre et al. 1998).

Differential display of mRNA sequences by ADDER

The experimental details of the ADDER will be described else-
where (B. Kornmann, N. Preitner, D. Rifat, F. Fleury-Olela, and
U. Schibler, in prep.) and will be provided on request. Briefly,
double-stranded cDNA fragments were synthesized using total
liver RNAs as templates. These cDNA fragments encompassed
mRNA sequences located between the poly A addition sites and
the most proximal Mbo1 restriction sites and contained differ-
ent PCR linker sequences at both ends. PCR amplification of
these cDNA fragments with upstream and downstream primers
that contain different ultimate and penultimate nucleotides
yielded cDNA subpopulations complementary to ∼50–100 indi-
vidual cDNA species each. These cDNA fragments were then
visualized by electrophoretic size fractionation on 5% urea-
polyacrylamide gels. The upstream primer 5�-AACGATCCC-3�

(Mbo1 site underlined) and the downstream primer 5�-AGCTTT
TTTTTTTTTGC-3� were used for the display shown in the left
panel of Figure 2. The upstream primer 5�-AACGATCAG-3�

and the downstream primer 5�-AGCTTTTTTTTTTTTCC-3�

were used for the display shown in the right panel of the same
figure.

In situ hybridization on coronal brain sections

Immediately after removal, brains were frozen in isopentane (4
min at −20°C) and stored at −70°C until use. Serial coronal brain
cryosections of 12 microns above the optical chiasma were pre-
pared using standard procedures. In situ hybridizations with
sections though the central SCN were performed as described
previously (Nef et al. 1996). The Per1 and Per2 riboprobes used
in these experiments were prepared from the templates pKS-
mPer1-Fl and pKS-mPer2-nqFl (gift from S. Brown), using RNA
polymerases T3 and T7 for the antisense and sense strands,
respectively. The pKS-mPer1-Fl and pKS-mPer2-nqFl were ob-
tained by cloning the inserts of the plasmids pcDNA3.1-P1 and
pcDNA3.1-P2, respectively, into the plasmid vector pBS-KS. To
this end, the inserts of pcDNA3.1-P1 and pcDNA3.1-P2 were
excised with Xba1 and Cla1/Not1, respectively. The plasmids
pcDNA3.1-P1 and pcDNA3.1-P2 (Jin et al. 1999) were provided
by Steven Reppert.
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