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The environmental light—dark (LD) cycle entrains the central circadian clock located in the suprachi-
asmatic nucleus (SCN) of mammals. The present study examined the effects of disrupted LD cycles on
peripheral clocks in mice housed under a normal 12 h light-12 h dark cycle (LD 12:12) or an ultradian LD
3:3 cycle. Drinking behavior seemed to be free-running with a long period (26.03 h) under ultradian LD
3:3 cycles, in addition to light-induced direct suppression (masking effect). Core body temperature
completely lost robust circadian rhythm and acquired a 6-h rhythm with a low amplitude under LD 3:3.
Robust circadian expression of Per1, Per2, Clock and Bmall mRNAs was similarly flattened to intermediate
levels in the liver, heart and white adipose tissue under LD 3:3. Robust circadian expression of Rev-erba
mRNA was completely damped in these tissues. Circadian expression of Dbp, a clock-controlled gene, was
also disrupted in these tissues from mice housed under LD 3:3. The aberrant LD cycle seemed to induce
the loss of circadian gene expression at the level of transcription, because rhythmic pre-mRNA expres-
sion of these genes was also abolished under LD 3:3. In addition to the direct effect of the aberrant LD
cycle, abolished systemic time cues such as those of plasma corticosterone and body temperature might
be involved in the disrupted expression of these circadian genes under LD 3:3. Our findings suggest that
disrupted environmental LD cycles abolish the normal oscillation of peripheral clocks and induce internal
desynchrony in mammals.
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1. Introduction

Endogenous oscillators control many behavioral and physio-
logical circadian rhythms such as sleep/wake cycles, body tem-
perature, blood pressure, heart rate, hormonal secretion and
metabolism. The central circadian clock is located in the supra-
chiasmatic nucleus (SCN) of the anterior hypothalamus in mam-
mals [1]. The molecular mechanism of the circadian clock is cell-
autonomous and it arises from autoregulatory negative feedback
loops consisting of the periodic expression of clock genes [2,3].
Basic helix-loop-helix (bHLH)-PAS transcription factors such as
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CLOCK and BMAL1 are positive regulators of autoregulatory
transcription-translation feedback loops of the molecular circadian
clock [2,3]. The CLOCK/BMAL1 heterodimer drives the rhythmic
transcription of the clock genes, Period (Perl, Per2, and Per3),
Cryptochrome (Cryl and Cry2), and Rev-erba through E-box
(CACGTG/T) elements located in their promoters. As the PER and
CRY proteins are translated, they form multimeric complexes that
are translocated to the nucleus, where they inhibit their own
transcription by directly interacting with the CLOCK/BMAL1 het-
erodimer. The circadian expression of Bmall is driven by an addi-
tional feedback loop comprising the orphan nuclear receptors,
RORa and REV-ERBa, which respectively act as positive and nega-
tive regulators.

Clock genes are expressed in a circadian manner in most pe-
ripheral tissues such as the heart, lung, liver, kidney, and skeletal
muscle, as well as circulating white blood cells. Studies in vitro and
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ex vivo have shown that cell-autonomous oscillatory mechanisms
function in cultured cells and tissue explants from various pe-
ripheral organs. Ablation of the SCN abolishes the circadian
expression of clock genes in peripheral tissues [4], suggesting that
peripheral clocks are normally governed by the central clock in the
SCN. The SCN clock coordinates peripheral clocks via multiple
pathways including the autonomic nervous system, body temper-
ature and hormonal signals such as those of glucocorticoids and
insulin. Most of these time cues are significantly affected by feeding
rhythms. Indeed, time-imposed restricted feeding can synchronize
peripheral circadian clock gene expression independently of the
central clock in the SCN. These facts suggest that peripheral clocks
continuously tick circadian rhythms in phase with the SCN clock
and/or feeding rhythms in genetically intact mammals.

Environmental light is the critical cue for the daily resetting of
the central clock in the SCN, and the phase and period of the
pacemaker are entrained to environmental light—dark (LD) cycles
[1]. According to the discrete (non-parametric) entrainment model
[5], the circadian rhythm becomes synchronized to LD cycles by
daily phase-resetting to adjust the endogenous (tau) to the Zeit-
geber (T) period. The central circadian clock cannot entrain to
environmental LD cycles when phase shifts caused by light pulses
are smaller than the difference between tau and T. We previously
showed that both wheel-running activity [6] and drinking behavior
[7,8] are rhythmic and with a longer period under ultradian LD 3:3
cycles in mice. These observations coincide with the rhythmic
expression of circadian clock protein in the SCN under ultradian LD
cycles [9]. Several studies have shown that autonomic innervation
from the SCN relays photic information to oscillators in peripheral
organs such as the adrenal glands and the liver, and then induces
the transient expression of circadian clock genes [10,11]. The pre-
sent study examines the effects of ultradian LD 3:3 cycles on
circadian rhythms of drinking and feeding behaviors, core body
temperature, plasma corticosterone concentrations and the
expression of peripheral clock genes in mice.

2. Methods
2.1. Animals and behavioral analysis

Male ICR mice (Japan SLC Inc., Hamamatsu, Japan) were housed
with access to food and water ad libitum until the age of 7—8 weeks
under a 12 h light-12 h dark cycle (LD 12:12; lights on at Zeitgeber
time (ZT) 0 and lights off at ZT12), and then the lights for one group
were switched to LD 3:3. The light source was a white fluorescent
lamp (500 lux at cage level). To determine the circadian phase of
the central oscillator in the SCN, the mice were released from the LD
conditions into constant darkness (DD). Drinking behavior was
continuously recorded every 5 min using the Chronobiology Kit
(Stanford Software Systems, Stanford, CA). The circadian period was
assessed using XZ periodgrams (Chronobiology Kit software).
Temporal food intake was recorded every 10 min using the FDM-
300 system (Melquest, Toyama, Japan). Data were analyzed using
Feedam software (Melquest, Toyama, Japan). Our institutional An-
imal Care and Use Committee approved all procedures associated
with this study (Permission #2013-020).

2.2. Monitoring core body temperature

Mice were surgically implanted intra-abdominally with Temp-
Disk TD-LAB data loggers (Labo Support Co. Ltd., Suita, Osaka,
Japan) that were programmed to record body temperature
(Tb) + 0.1 °C every 10 min. Recording started one week after the
surgical implantation and the data obtained from each logger were

analyzed using RhManager Ver. 2.09 (KN Laboratories Inc., Ibaraki,
Osaka, Japan).

2.3. Measurement of plasma corticosterone concentrations

Mouse blood collected in EDTA-coated tubes was immediately
separated by centrifugation for 15 min at 5800x g. Platelet-poor
plasma was collected and stored at —80 °C. Plasma corticosterone
concentrations were measured using AssayMax Corticosterone
ELISA Kits (AssayPro LLC., St. Charles, MO, USA).

2.4. Measurement of peripheral clock gene expression

Mice were housed under either LD 12:12 or LD 3:3 cycles for two
weeks, during which drinking activity was monitored in the latter
group to determine their circadian phase. The mice were sacrificed
at four-hour intervals, whole blood was withdrawn, and then the
liver, heart, white adipose tissue (WAT), and brown adipose tissue
(BAT) were dissected, rapidly frozen and stored in liquid nitrogen.
Mice under the LD 12:12 cycle were sampled at ZT 2, 6, 10, 14, 18
and 22 and those under the LD 3:3 cycle were sampled at circadian
time (CT) 2, 6, 10, 14, 18 and 22, which was determined from their
behavioral rhythms.

2.5. Quantitative reverse transcription (RT)-PCR

Total RNA was extracted using RNAiso Plus (Takara Bio Inc., Otsu,
Japan). Single-stranded cDNA was synthesized using PrimeScript™
RT reagent kits with gDNA Eraser (Takara Bio Inc., Otsu, Japan).
Real-time RT-PCR proceeded using SYBR® Premix Ex Taqm™ II
(Takara Bio Inc., Otsu, Japan) and a LightCycler™ (Roche Di-
agnostics, Mannheim, Germany). The reaction conditions were
95 °C for 10 s followed by 45 cycles of 95 °C for 5 s, 57 °C for 10 s and
72 °C for 10 s. Supplemental Table 1 shows the sequences of the
primer pairs. The amount of target mRNA was normalized relative
to that of $-actin.

2.6. Statistical analysis

All values are expressed as means + standard error of the mean
(SEM). All data were statistically evaluated by a two-way analysis of
variance (ANOVA) and the Tukey multiple comparison test using
Excel-Toukei 2010 software (Social Survey Research Information Co.
Ltd., Osaka, Japan). Correlations were evaluated using the Pearson's
product-moment correlation coefficient (r), which was also calcu-
lated using Excel-Toukei 2010 software. P < 0.05 indicated a sta-
tistically significant difference.

3. Results

The mice were completely entrained to the LD cycle under LD
12:12 (Fig. 1A and B). Under ultradian LD 3:3, the drinking activity
rhythm seemed to be free-running with a period of 26.03 + 0.22 h,
in addition to the direct, light-induced suppression of the drinking
behavior (masking effect). The free-running period during DD
exceeded 24 h (24.76 + 0.20 h) when the mice were transferred
from LD 3:3, although the period was shorter than 24 h
(23.85 + 0.034 h) when the mice were transferred from LD 12:12.
The theory of “after-effects” can explain these findings [5]. The time
of activity onset on the first day of DD was maintained from LD 3:3,
suggesting that the central clock in the SCN was free-running under
LD 3:3.

We also evaluated the circadian rhythm of food intake that is
usually accompanied by drinking behavior, since daily feeding cy-
cles are dominant time cues for molecular clocks in the periphery
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Fig. 1. Representative double-plot actograms of drinking behavior and temporal profiles of core body temperature and blood corticosterone concentrations in LD 12:12 and LD 3:3.
Mice fed with normal chow ad libitum were acclimated under LD 12:12 (lights on at 0 h) and then maintained on LD 12:12 (A) or transferred to ultradian LD 3:3 (B) cycles for 32 days
before transfer to constant darkness (DD). Dark-phase duration is shaded in gray. Horizontal unfilled and filled bars indicate light and dark periods, respectively. Dots represent
drinking behavior at 5-min intervals. (C) Core body temperature was measured during week 4 under LD 12:12 (unfilled circles) or LD 3:3 (filled circles). Data are shown as
means + SEM (n = 7). (D) Plasma corticosterone concentrations at indicated times in mice housed under LD 12:12 or LD 3:3. Data are shown as means + SEM (n = 5). Superscript
letters indicate statistical significance (p < 0.05) for LD 12:12. Statistical significance determined by ANOVA is shown in boxes. Significant differences between LD 12:12 and LD3:3
are indicated as "p < 0.05 and “p < 0.01 at corresponding ZT/CTs. CT, circadian time; ZT, Zeitgeber time.

[12]. Feeding rhythms were also free-running with longer periods
like those of drinking behavior under LD 3:3 (Supplemental Fig. 1).

Core body temperature fluctuated in an ultradian manner that
peaked at the dark-to-light transition under LD 3:3, while body
temperature fluctuated in a robust circadian manner and increased
at the light-to-dark transition under LD 12:12 (Fig. 1C). The peak-
trough amplitude of body temperature in LD 3:3 was significantly
reduced at the intermediate levels of normal fluctuation. Daily
average body temperature was significantly decreased under LD
3:3(37.3°C+0.1°Cand 36.9°C+ 0.1 °Cin LD 12:12 and LD 3:3,
respectively).

Plasma corticosterone levels fluctuated in a circadian manner
that peaked at midday in LD 12:12, but remained essentially con-
stant at the normal intermediate level throughout the day in LD 3:3
(Fig. 1D). Comparisons of values at all time-points indicated a sig-
nificant decrease in the plasma corticosterone concentration at ZT/
CT6.

Circadian mRNA expression of the core clock genes, Per1, Per2,
Clock, and Bmall were obviously disrupted, and the mRNA abun-
dance of these genes was flattened at intermediate levels
throughout the day in the liver (Fig. 2), heart (Supplemental Fig. 2),
and WAT (Supplemental Fig. 3) of mice under LD 3:3. The robust
circadian expression of Rev-erba mRNA was completely damped in
these tissues. The circadian expression of the clock-controlled gene
Dbp was also disrupted in these tissues from mice housed under LD
3:3. Robust circadian expression of Dbp mRNA in the heart was
flattened to intermediate levels under LD 3:3, while that in the liver
and WAT was completely damped.

We examined the temporal abundance of pre-mRNAs in the
liver to evaluate the effects of an ultradian photoperiod on pe-
ripheral clocks at the transcriptional level (Fig. 3). The amounts of

pre-mRNA and of mature mRNA for all circadian genes examined
robustly fluctuated under LD 12:12. The acrophase of Per2 pre-
mRNA expression was obviously phase-advanced by several hours
compared with that of mature mRNAs under LD 12:12, although the
phase of rhythmic expression of pre-mRNA for other genes such as
Per1, Clock, Bmall, and Rev-erba was almost identical to that of
mature mRNA. As with mature mRNA, the robust circadian
expression of pre-mRNAs was abolished under LD3:3. The abun-
dance of pre-mRNA for Rev-erba was continuously low, whereas
that for other genes was intermediate, at the levels of normal
oscillation.

To evaluate the effects of an ultradian photoperiod on the post-
transcriptional regulation of circadian genes, we analyzed correla-
tions between levels of pre-mRNA and mature mRNA for each gene
(Fig. 4). The expression levels of pre- and mature mRNAs for the
Per1, Clock, Bmall, Rev-erba, and Dbp genes positively correlated
under both LD 12:12 and LD 3:3. Correlations were very close
(r > 0.9) for Perl, Rev-erba, and Dbp under both photoperiods. On
the other hand, the correlation coefficient for the Per2 gene was low
under both photoperiods, and the correlation was not significant
under LD 3:3.

4. Discussion

The present study showed that an ultradian photoperiod abol-
ished the circadian expression of peripheral clock genes in mice
while the circadian rhythm of behavior was maintained. The robust
circadian rhythm of core body temperature was completely lost and
a small-amplitude 6-h rhythm appeared under LD 3:3. These
findings suggest that a disrupted photic environment caused in-
ternal desynchrony between the central circadian oscillator and
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Fig. 2. Temporal mRNA expression profiles of circadian clock-related genes in pe-
ripheral tissues of mice under LD 12:12 and LD 3:3. Messenger RNA expression of clock
and clock-controlled genes in livers from mice housed under LD 12:12 (unfilled circles)
or LD 3:3 (filled circles). Maximal value under LD 12:12 is expressed as 100%. Data are
shown as means + SEM (n = 5). Statistical significance determined by ANOVA is shown
in boxes. Significant differences between LD 12:12 and LD3:3 are indicated as “p < 0.05
and "p < 0.01 at corresponding ZT/CTs. CT, circadian time; ZT, Zeitgeber time.

other physiological and molecular circadian rhythms such as those
of core body temperature, hormonal secretion and peripheral clock
gene expression in mammals.

The aberrant LD cycle-induced loss of rhythmic gene expression
seemed to be caused at the transcriptional level, because the
rhythmic pre-mRNA expression of these genes was also abolished
under LD 3:3 (Fig. 3). Correlations between pre-mRNA and mature
mRNA levels for Perl, Rev-erba, and Dbp were very high (r > 0.9)
under LD 12:12 (Fig. 4A) and maintained under LD 3:3 (Fig. 4B),
suggesting that the ultradian photoperiod little affected the post-
transcriptional regulation of these genes. In addition to the tran-
scriptional regulation of clock genes, post-transcriptional mecha-
nisms such as pre-mRNA processing and mature mRNA
degradation also play important roles in producing appropriate
rhythmic gene expression in mammals [13,14]. On the other hand,
levels of pre-mRNA and mature mRNA for the Per2 gene only
weakly correlated under both LD 12:12 and LD 3:3, but closely
correlated for those of the Perl, Rev-erba, and Dbp genes (Fig. 4).
Expression of the Per2 gene appears to be largely dependent on
post-transcriptional regulation [14] compared with other clock
genes. Antiphase circadian expression between Per2 and Bmall
mRNAs [15] was also maintained under LD 3:3 (Supplemental
Fig. 4), suggesting that the ultradian photoperiod-induced
reduced amplitude of circadian gene expression was not the
result of a disrupted, cell-autonomous autoregulatory
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Fig. 3. Temporal pre-mRNA expression profiles of circadian clock-related genes in
livers from mice housed under LD 12:12 and LD 3:3. Maximal value under LD 12:12 is
expressed as 100%. Data are shown as means + SEM (n = 5). Statistical significance
determined by ANOVA is shown in boxes. Significant differences between LD 12:12
(unfilled circles) and LD3:3 (filled circles) are indicated as “p < 0.05 and “*p < 0.01 at
corresponding ZT/CTs. CT, circadian time; ZT, Zeitgeber time.

transcription-translation feedback loop. The standard deviations of
each gene under LD 12:12 and LD 3:3 were calculated to determine
intra-animal variability under LD 3:3 (Supplemental Fig. 5). The
standard deviation of most circadian genes was identical between
LD 12:12 and LD 3:3 except for that of Bmall, suggesting that the
reduced amplitude of circadian gene expression induced by the
ultradian photoperiod was not the result of desynchrony between
animals at each time point. These findings suggest that the ultra-
dian photoperiod flattened the circadian transcription of clock
genes by desynchronizing the cellular clocks in each tissue without
disrupting the intercellular molecular clock. On the other hand, the
circadian expression of Rev-erba, a circadian transcriptional
repressor of which the rhythmic expression is transcriptionally
regulated by the bHLH-PAS transcription factors CLOCK and BMAL1
[2,3], was completely damped in all tissues examined under LD 3:3.
Exposure to dim light at nighttime reduces the amplitude of Rev-
erb mRNA expression in peripheral tissues of mice such as the liver
and WAT but not in the hypothalamus or hippocampus [16]. Thus,
these findings indicate that the circadian expression of peripheral
Rev-erbu is sensitive to environmental photic conditions, although
the underlying mechanism remains unknown.

Daily feeding—fasting cycles are dominant time cues for pe-
ripheral clocks and time-imposed daily restricted feeding can
entrain the peripheral circadian expression of clock genes inde-
pendently of the master clock in the SCN [12], suggesting that the
aberrant feeding rhythms induced by an ultradian photoperiod
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Fig. 4. Scatter plots of pre-mRNA and mature mRNA expression in livers from mice housed under LD 12:12 (A) and LD 3:3 (B). Relative expression levels of pre-mRNA (See Fig. 3)
and mature mRNA (See Fig. 2) in livers from mice housed under LD 12:12 (A; n = 30) or LD 3:3 (B; n = 30). Regression lines, coefficient of determinations (R?), Pearson's pro-
duct—moment correlation coefficients (r), and p-values are described in corresponding plots.

might disrupt peripheral circadian gene expression. However, the
circadian rhythms of food intake (Supplemental Fig. 1) and drinking
behavior (Fig. 1) were maintained under LD 3:3. Furthermore, a
completely ultradian feeding schedule (diet delivered every six
hours) does not significantly affect the circadian expression of
clock-related genes such as Per1, Per2, and Dbp in rats under LD
12:12 [17]. Therefore, the peripheral clock disruption probably did
not result from a loss of the circadian feeding rhythm under LD 3:3.

The circadian rhythm of core body temperature was abolished
and synchronized to an ultradian photoperiod in mice with free-
running behavior under LD 3:3, although rhythmic body temper-
ature represents a robust output of the master clock in the SCN
[18,19]. The six-hour rhythm of core body temperature in LD 3:3
might be a masking effect of the aberrant LD cycles since it
immediately disappeared when the mice were transferred from LD
3:3 to DD (data not shown). Several clock molecules are thought to
be involved in the circadian and homeostatic regulation of core
body temperature [20—23]. Rev-erba is involved in circadian heat
production by regulating UCP1 expression in BAT [23]. We found
here that levels of Rev-erba expression were significantly damped
in BAT under LD 3:3 (Supplemental Fig. 6). The unusually low level
of Rev-erba expression might be a cause of the disrupted body
temperature rhythm under LD 3:3. On the other hand, others have
suggested that the circadian rhythm of core body temperature is an
entraining cue for peripheral clocks [24,25]. Heat shock transcrip-
tion factor (HSF) [26,27] and cold-inducible RNA-binding protein

(CIRBP) [28,29] might be involved in temperature-induced clock
gene expression in mammals. An unusual body temperature
rhythm might disrupt the peripheral clocks by affecting the
expression of temperature-dependent transcriptional regulators
such as HSF and CIRBP under LD 3:3.

Light can directly induce clock gene expression in peripheral
tissues via the autonomic nervous system [11,30] and the central
clock is dispensable for the synchronization of peripheral clocks to
an environmental LD cycle in mice with a genetically ablated SCN
clock [31]. The present findings suggest that disrupted environ-
mental LD cycles abolish the normal oscillation of peripheral clocks
and induce internal desynchrony in mammals. Internal desynch-
ronization among peripheral clocks, behavioral, endocrine and
body temperature rhythms and a lower average daily body tem-
perature might be involved in metabolic disorders induced by a
disrupted photoperiod [6—8]. Further investigation is required to
comprehend the underlying mechanisms of the present findings.
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