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Abstract

Clock genes Cryptochrome (Cry1) and Cry2 are essential for expression of circadian rhythms in mice under constant darkness
(DD). However, circadian rhythms in clock gene Per1 expression or clock protein PER2 are detected in the cultured
suprachiasmatic nucleus (SCN) of neonatal Cry1 and Cry2 double deficient (Cry1-/-/Cry2-/-) mice. A lack of circadian rhythms in
adult Cry1-/-/Cry2-/- mice is most likely due to developmentally disorganized cellular coupling of oscillating neurons in the
SCN. On the other hand, neonatal rats exposed to constant light (LL) developed a tenable circadian system under prolonged
LL which was known to fragment circadian behavioral rhythms. In the present study, Cry1-/-/Cry2-/- mice were raised under
LL from postnatal day 1 for 7 weeks and subsequently exposed to DD for 3 weeks. Spontaneous movement was monitored
continuously after weaning and PER2::LUC was measured in the cultured SCN obtained from mice under prolonged DD.
Surprisingly, Chi square periodogram analysis revealed significant circadian rhythms of spontaneous movement in the LL-
raised Cry1-/-/Cry2-/- mice, but failed to detect the rhythms in Cry1-/-/Cry2-/- mice raised under light-dark cycles (LD). By
contrast, prolonged LL in adulthood did not rescue the circadian behavioral rhythms in the LD raised Cry1-/-/Cry2-/- mice.
Visual inspection disclosed two distinct activity components with different periods in behavioral rhythms of the LL-raised
Cry1-/-/Cry2-/- mice under DD: one was shorter and the other was longer than 24 hours. The two components repeatedly
merged and separated. The patterns resembled the split behavioral rhythms of wild type mice under prolonged LL. In
addition, circadian rhythms in PER2::LUC were detected in some of the LL-raised Cry1-/-/Cry2-/- mice under DD. These results
indicate that neonatal exposure to LL compensates the CRY double deficiency for the disruption of circadian behavioral
rhythms under DD in adulthood.
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Introduction

Circadian rhythms in physiology and behavior in mammals are

regulated by coordination of a central clock located in the

hypothalamic suprachiasmatic nucleus (SCN) with peripheral

clocks in a variety of tissues [1]. The molecular clockwork in the

SCN is believed to be conducted by an auto-regulatory

transcription and translation feedback loop [2], in which clock

genes Cryptochrome (Cry1) and Cry2 and their protein products play

crucial roles. The latter notion is based on the observation that

Cry1 and Cry2 double deficient (Cry1-/-/Cry2-/-) mice become

aperiodic in behavior immediately after exposure to constant

darkness (DD) [3]. However, we [4] and another group [5]

reported that significant circadian rhythms of clock gene Per1

expression and of clock gene product PER2 were detected in the

cultured SCN slice of neonatal Cry1-/-/Cry2-/- mice at the cell as

well as the tissue levels. The circadian rhythms were also detected

in neuronal activity of cultured SCN from these mice [4]. The

circadian rhythms at the tissue level disappeared after weaning but

those at the cell level persisted until adulthood, indicating that the

cellular coupling of circadian oscillation was lost during the

postnatal development in Cry1-/-/Cry2-/- mice. Furthermore,

circadian PER2 rhythms were restored in the SCN of adult

Cry1-/-/Cry2-/- mice by co-culture of the neonatal SCN. The

results indicated that the SCN of adult Cry1-/-/Cry2-/- mice still

possesses the capability to oscillate in response to a diffusible

factor(s) secreted from the neonatal SCN, and that CRY1 and

CRY2 are involved in the developmental reorganization of SCN

circadian system to sustain cellular couplings of oscillating cells [4].

Prolonged constant light (LL) was known to fragment the

circadian behavioral rhythms in rats [6]. However, rats raised

under LL in the postnatal period developed the tenable circadian

system under prolonged LL in adulthood [7]. LL was also

demonstrated to restore the disrupted circadian behavioral

rhythms of Clock mutant [8] and Per2/Cry1 double mutant mice

[9]. These observations suggest that exposure to LL during the

early developmental stage could enhance the coupling strength of

the circadian system in the SCN.

In the present study, we examined the effects of prolonged

exposure to LL during the early developmental period on the 24 h
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profiles of spontaneous movement and PER2::LUC in the

cultured SCN of adult Cry1-/-/Cry2-/- mice under DD. Surpris-

ingly, the circadian rhythms in behavior were detected in most of

the LL-raised Cry1-/-/Cry2-/- mice. In addition, circadian PER2::-

LUC rhythms were detected in some mice. Visual inspection

revealed two activity components of different periods in the LL-

raised Cry1-/-/Cry2-/- mice under DD. LL exposure in adulthood

failed to rescue the behavioral rhythms in Cry1-/-/Cry2-/- mice.

These results indicate that postnatal exposure to LL compensates

the CRY double deficiency for the disruption of circadian

behavioral rhythms under DD.

Materials and Methods

Animals
Cry1-/-/Cry2-/- mice of C57BL/6J background [10] were used

for behavior experiments. To measure PER2 in the cultured SCN,

Cry1-/-/Cry2-/- mice carrying a PER2 bioluminescence reporter

(Cry1-/-/Cry2-/-–LUC) were developed by breeding Cry1-/-/Cry2-/-

mice with the PER2::LUC mice carrying a PER2 fusion luciferase

reporter [11]. For the control, the wild type (WT) mice carrying a

PER2 bioluminescence reporter (WT-LUC) were used [4]. Mice

were reared in our animal quarters where environmental

conditions were controlled (lights-on 06:00-18:00 h; light intensity

approximately 100 lx at the bottom of cage, humidity 60610%)

unless otherwise stated. The day of birth was designated as

postnatal day 0 (P0). They were weaned at P21, unless otherwise

stated. Animals had free access to commercial chow and tap water.

Measurement of behavior activities
Behavior activities were monitored mostly by a thermal sensor

but by a running-wheel in one experiment (Fig.1A). Mice were

individually housed in a polycarbonate cage placed in a light-proof

box in which ambient temperature was controlled by air-

conditioning and a light-dark cycle of LD 12:12 were given with

a fluorescence tube of ca. 300 lx in the light phase.

Spontaneous movement was monitored by a thermal sensor

equipped on the ceiling of an individual box. The thermal sensor

detected a change in the amount of infrared radiation from an

animal by movement. Wheel-running activity was measured in a

cage with a running-wheel (10 cm in diameter). Spontaneous

movements and wheel revolutions were fed into computer every

1 min by computer software (The Chronobiology Kit; Stanford

Software System).

Circadian periodicity was determined by Chi square period-

ogram analysis with the significance level of p = 0.01 (Clock Lab

software, Actimetrics) using activity records of 5 min bins. The

largest peak with clear rising and falling limbs was taken as the

primary period. When the activity band was split into more than

one activity component, circadian periods of behavioral compo-

nents were also determined by an eye-fitted regression line, In the

latter case, three experimenters (DO, SH, KH) drew a regression

line fitted to prominent activity bouts and calculated a circadian

period. When more than one experimenter obtained circadian

periods, the mean value was used for further analyses as an

individual period.

SCN slice culture and bioluminescence measurement
A coronal SCN slice of 300 mm thick was made by a microslicer

(D.S.K: DTK-1000; Dosaka EM). The tissue containing the

middle portion of the SCN was dissected and a paired SCN was

cultured on a Millicell-CM culture insert (Millipore Corporations)

in a 35-mm Petri dish. The culture was performed in air at 36.5uC
with 1.3 ml Dulbecco’s modified Eagle’s medium (Invitrogen)

supplemented with 10 mM HEPES, 2.7 mM NaHCO3, 20 mg/L

kanamycin (Gibco), 100 mg/mL apo-transferrin (Sigma), 5 mg/mL

insulin (Sigma), 100 mM putrescine (Sigma), 20 nM progesterone

(Sigma), 30 nM sodium selenite (Gibco) and 0.1 mM D-luciferin

K salt (DOJINDO).

Bioluminescence from each cultured tissue was measured for

1 min at 10-min intervals with a photomultiplier tube (Lumicycle;

Actimetrics). Bioluminescence intensity was expressed as relative

light unit (RLU; counts/min).

Experimental protocols
Behaviors of mice raised under LD and

release into DD. Adult Cry1-/-/Cry2-/- (n = 10) and WT mice

(n = 6) were reared under LD and subjected to measurement of

wheel-running activity at about 8 months old. They were housed

individually in a cage with a running-wheel at 2 weeks before

released into DD for 3 weeks. In another experiment, Cry1-/-/

Cry2-/- (n = 5) and WT (n = 4) mice were raised under LD and

weaned at P21. On the day of weaning, they were housed in

individual cages and released into DD for 3 weeks. Spontaneous

movement was monitored by a thermal sensor from the day of

weaning.

Spontaneous movement and PER2::LUC in the SCN of

mice raised under LL and release into

DD. Cry1-/-/Cry2-/- (n = 9) and WT (n = 8) mice were raised

under LL from P1 and weaned at P21 or P28, depending on their

body weights. On the day of weaning, they were housed in

individual cages and continuously exposed to LL for 24 days more.

Then they were released into DD for 3 weeks. Spontaneous

movement was monitored from the day of weaning.

Cry1-/-/Cry2-/- -LUC (n = 9) and WT-LUC (n = 6) mice were

raised under LL from P1 and weaned at P21 or P28 depending on

their body weight. On the day of weaning, they were housed in

individual cages and continuously exposed to LL for 24 days more.

Then they were released into DD for 3 – 4 weeks. At the end of

DD, the brains were sampled for culture. Spontaneous movement

was monitored from the day of weaning.

Spontaneous movement and PER2::LUC in the SCN of

LD-raised     mice exposed to LL and

subsequent DD in adulthood. Cry1 /Cry2-/- -/- -LUC (n = 8)

and WT-LUC (n = 8) mice were raised under LD until adulthood.

At 3 to 4 months old, they were housed individually and exposed

to LL for 7 weeks, which was followed by release into DD for 3 – 4

weeks. Spontaneous movement was measured during exposure to

LL and DD, and brain was sampled for culture at the end of DD

exposure.

Data analysis and statistics
The raw bioluminescence data were smoothed using a 5 point

moving average method. These data were detrended by a 24 h

running average subtraction method. The significance of a

circadian rhythm was evaluated by Chi square periodogram

analysis (ClockLab) with a significance level of P = 0.01. The group

mean is presented as the mean 6 SD. t-test was used when two

independent group means were compared (Statview).

Ethics statement
Animals were cared for according to the Guidelines for the Care

and Use of Laboratory Animals in Hokkaido University. All

experiments were approved by Animal Research Committee of

Hokkaido University under permission number 08–0279. Animals

were euthanized by cervical dislocation, and all efforts were made

to minimize suffering.
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Results

Circadian behavioral rhythms are disrupted under DD in
weanling and adult Cry1-/-/Cry2-/- mice

Chi square periodogram analysis confirmed circadian arrhyth-

micity in wheel-running activity under DD in adult Cry1-/-/Cry2-/-

mice which were raised under light-dark cycles (LD) until

adulthood. In all Cry1-/-/Cry2-/- mice (n = 10), the behavioral

rhythms became arrhythmic immediately after transfer from LD

to DD (Fig. 1A). By contrast, 24 h rhythms were still observed

under LD, where the activity onset of behavioral rhythm showed a

positive phase angle to the light–off time (0.861.3 h, n = 10).

Similarly, spontaneous movement measured by infrared thermal

sensor in the LD-raised Cry1-/-/Cry2-/- mice had no circadian

rhythmicity when the mice were released to DD at weaning of

postnatal day 21 (P21). Whereas, the behavioral rhythms in the

wild-type (WT) mice were observed from the day of weaning

(Fig. 1B). The circadian rhythms free-ran with a period slightly

shorter than 24 h (23.860.1 h, n = 4) (Fig. 1). The results indicate

that spontaneous movement was already arrhythmic at weaning in

the LD-raised Cry1-/-/Cry2-/- mice.

Circadian rhythms in Cry1-/-/Cry2-/- mice raised under LL
from birth and exposed to DD

Spontaneous movement. Cry1-/-/Cry2-/- mice (n = 9) were

exposed to LL from the postnatal day 1 (P1) for about 7 weeks, and

subsequently to DD for 3 weeks. They were weaned at P21. Some

mice were weaned at the postnatal day 28 (P28), because of delay

in physical development which was estimated by body weight.

Mice with low body weight were also found in the LD raised group

and they were weaned at P28. Spontaneous movement was

measured continuously from weaning and evaluated for circadian

periodicities by Chi square periodogram analysis and visual

inspection (Table 1). Circadian rhythms were evident in one

Cry1-/-/Cry2-/- mouse under LL by Chi square periodogram

analysis, and a free-running activity component was detected by

visual inspection in some mice (n = 5). On the other hand,

significant circadian rhythms were detected in all Cry1-/-/Cry2-/-

mice examined under DD (Fig. 2B). The circadian rhythms,

however, were not stable in terms of circadian period. They

showed sometimes abrupt changes in periodicity. The mean

Figure 1. Behavior activities in Cry1-/-/Cry2-/- mice. Representative records of wheel-running activity (A) in an adult WT (left) and Cry1-/-/Cry2-/-

(right) mice, and of spontaneous movements (B) in a weanling WT (left) and Cry1-/-/Cry2-/- (right) mice are demonstrated as double-plotted actograms.
The ordinate indicates the day of measurement. The gray shaded area in each panel indicates the time of darkness, and arrows indicate the first day
of DD. A black and white bar at the top of panel indicates the LD condition (black; dark, white; light) before exposure to DD (A) or before weaning (B).
A number on the top of each panel indicates the identification number of an animal. The number at the ordinate indicates the day of recording. The
respective Chi square periodograms were obtained using the last 14 day records. An oblique line in a Chi square periodogram indicates a significance
level of p = 0.01.
doi:10.1371/journal.pone.0080615.g001

Table 1. Mean circadian periods of spontaneous movement
in the LD- and LL-raised Cry1-/-/Cry2-/- mice under LL or DD.

LL raised mice LD raised mice

WT Cry1-/-/Cry2-/- WT Cry1-/-/Cry2-/-

LL 25.660.4
(n = 6/8)

23.3 (n = 1/9) S: 23.560.3
(n = 8/8)

-

(25.560.2)
(n = 8/8)

(23.761.0)
(n = 5/9)

S: (23.460.3)
(n = 8/8)

-

L: 25.460.2
(n = 8/8)

-

L: (25.460.1)
(n = 8/8)

-

DD 24.260.1
(n = 8/8)

23.261.8
(n = 9/9)

24.260.2
(n = 8/8)

-

(24.160.1)
(n = 8/8)

S: (22.860.4)
(n = 8/9)

(24.160.1)
(n = 8/8)

-

L: (24.660.2)
(n = 9/9)

Mean circadian periods by Chi square periodogram analysis are listed with SD
and those determined by visual inspection are indicated in parentheses. n; the
number of significant or detected rhythms per examined. S and L mean short
and long period, respectively. -: no significant rhythm was detected.
doi:10.1371/journal.pone.0080615.t001
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circadian period determined by Chi square periodogram analysis

was 23.261.8 h in Cry1-/-/Cry2-/- mice. It was not different from

that of WT mice (24.260.1, n = 8) because of a large SD in

Cry1-/-/Cry2-/- mice. By visual inspection, two activity components

were identified in spontaneous movement of most Cry1-/-/Cry2-/-

mice (n = 8). They free-ran with different circadian periods; a

shorter and longer period than 24 h respectively. An eye-fitted

regression line revealed that the mean shorter period was

22.860.4 h (n = 8) and the mean longer period was 24.660.2 h

(n = 9). The difference of two periods was statistically significant

(p,0.01). Two significant periodicities were also detected by Chi

square periodogram analysis in some Cry1-/-/Cry2-/- mice (n = 4).

By contrast, circadian rhythms were detected in most WT mice

under LL (n = 6) and all mice under DD (n = 8) by Chi square

periodogram analysis. The mean circadian periods were

25.660.4 h under LL and 24.260.1 h under DD. The difference

of two periods was statistically significant (p,0.01). On the other

hand, visual inspection revealed the circadian rhythms in all WT

mice examined under both LL and DD. The mean circadian

period was 25.560.2 h under LL and 24.160.1 h under DD,

respectively. The periods determined by visual inspection were not

significantly different from the respective values determined by

Chi square periodogram analysis. In the wild type mice, the

activity band of circadian behavioral rhythm was lengthened

(decompressed) upon the transfer to DD, with the activity onset

phase-advancing and the end of activity phase-delaying until

reaching a steady state phase-relation between them (Fig. 2A).

PER2::LUC in the cultured SCN. The WT (n = 6) and

Cry1-/-/Cry2-/- mice (n = 9) carrying a PER2::LUC reporter system

were raised under LL from P1 and transferred to DD 3-4 weeks

after weaning with exactly the same protocol as for the above

mentioned behavior experiment. Spontaneous movement was also

monitored in these mice after weaning (Fig. 3A). The SCN was

sampled 3 - 4 weeks after transfer to DD. The SCN slice was

cultured on a membrane and the intensity of bioluminescence was

measured by a photomultiplier tube (Fig. 3C).

Circadian rhythms were evaluated by Chi square periodogram

analysis. Significant circadian rhythms of PER2::LUC were

observed in all SCN from WT mice. By contrast, circadian

PER2::LUC rhythms were detected only in 3 out of 9 SCN from

Cry1-/-/Cry2-/- mice (Fig. 3D). The circadian PER2::LUC rhythms

in Cry1-/-/Cry2-/- mice showed low amplitudes and sometimes two

peaks within a circadian cycle (bimodality).

In these mice, significant circadian rhythms in spontaneous

movement were detected by Chi square periodogram analysis in

all WT mice examined but only in 2 out of 9 Cry1-/-/Cry2-/- mice

(Fig. 3B). Visual inspection, however, indicated two activity

components in most Cry1-/-/Cry2-/- mice (n = 7) with a shorter

and longer period than 24 h. The mean circadian periods were

22.860.4 h (n = 7) and 24.760.3 h (n = 7), respectively. The two

circadian periods were significantly different (p,0.01).

Inconsistency was detected in the PER2::LUC rhythm. Signif-

icant circadian rhythms were detected in some mice, whereas

bimodality and even arrhythmicity were observed in others.

Discrepancy was also noticed in the circadian rhythm expression

between behavior and PER2::LUC in some individuals, as

illustrated in Fig. 3. The circadian rhythm in spontaneous

movement was detected by Chi square periodogram immediately

before the harvest of the SCN (Fig. 3A and B, middle), while the

circadian PER2::LUC rhythm was not detected in the subsequent

culture of the SCN (Fig. 3C and D, middle). On the other hand, in

some mice the circadian rhythm in Per2 expression was detected in

the cultured SCN (Fig. 3C and D, right), while behavior was

arrhythmic immediately before harvest (Fig. 3A and B, right).

Circadian behavioral rhythms were not restored in
Cry1-/-/Cry2-/- mice exposed to LL in adulthood

Adult Cry1-/-/Cry2-/- and WT mice raised under LD were

exposed to LL for 7 weeks and subsequently to DD for 3 - 4 weeks.

By Chi square periodogram analysis, a circadian rhythm in

spontaneous movement was not detected in Cry1-/-/Cry2-/- mice

either under LL or under subsequent DD (Fig. 4B, Table 1). On

the other hand, two activity components of different periods were

detected in WT mice under LL (Fig. 4A). One period was shorter

than 24 h and the other was longer than 24 h. The two activity

components were crossing at about 10 day intervals. At the time of

crossing, the level of activity seemed to increase. Two activity

components were detected in all WT mice examined (n = 8) by

both Chi square periodogram analysis and visual inspection

(Table 1). The mean circadian period of an activity component

with a shorter period was 23.560.3 h by Chi square periodogram

analysis and 23.460.3 h by visual inspection, and those of an

activity component with a longer period was 25.460.2 h by Chi

square periodogram analysis and 25.460.1 h by visual inspection,

respectively. The short and long circadian periods were signifi-

cantly different (p,0.01), regardless of analytical methods.

Furthermore, the long and short circadian periods of WT mice

were significantly longer than the respective periods of the LL-

raised Cry1-/-/Cry2-/- mice under DD (p,0.01). The circadian

period of the adult WT mice under DD was 24.260.2 h by Chi

square periodogram analysis and 24.160.1 h by visual inspection.

And those of the LL-raised WT mice under DD were 24.260.1 h

by Chi square periodogram analysis and 24.160.1 h by visual

inspection. The four circadian periods were not significantly

different.

Discussion

Circadian rhythms in spontaneous movement of most Cry1-/-/

Cry2-/- mice were detected under DD when exposed to LL from

P1. Circadian rhythms were also detected in PER2::LUC in the

cultured SCN of some LL-raised Cry1-/-/Cry2-/- mice. Visual

inspection revealed two activity components of different periods in

behavior. By contrast, the circadian rhythms failed to develop in

Cry1-/-/Cry2-/- mice when raised under LD and exposed to LL in

adulthood. These findings indicate that neonatal exposure to LL

compensates the CRY double deficiency for the disruption of

circadian rhythms under DD.

The present results challenge the central idea of molecular

circadian clocks in mice that the clock genes, Cry1 and Cry2, are

essential components of the auto-regulatory feedback loop for

circadian rhythm generation. The notion is primarily based on the

finding that the circadian rhythms were lost in Cry1-/-/Cry2-/- mice

under DD [3,12]. The present results are consistent with the

recent findings that significant circadian rhythms in clock gene

expression were detected in cultured SCN slices obtained from

Figure 2. Circadian behavioral rhythms in LL-raised mice under LL and subsequent DD. Circadian rhythms in spontaneous movements
are illustrated as a double-plotted actograms for representative four LL-raised WT (A) and eight LL-raised Cry1-/-/Cry2-/- mice (B) which showed two
activity components. Arrows indicate the first day of DD. The ordinate indicates the days from birth. Chi-square periodograms for respective records
under DD are illustrated. An oblique line in the periodogram indicates a significance level of p = 0.01.
doi:10.1371/journal.pone.0080615.g002
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neonatal Cry1-/-/Cry2-/- mice [4,5], and that the circadian rhythms

in the cultured SCN were restored in adult Cry1-/-/Cry2-/- mice by

co-culture of the SCN slice from WT mice [4].

Two distinct behavioral components were observed in the LL-

raised Cry1-/-/Cry2-/- mice under DD but not always evident.

Either of the components sometimes became vague. In addition,

the behavior activity was enhanced when two components crossed.

These complex expressions of behavior produced some inconsis-

tency in the determination of circadian period between Chi square

periodogram analysis and eye-fitted regression line. Nevertheless,

the pattern was quite similar to the behavioral rhythms in WT

mice exposed to prolonged LL in adulthood. In the latter case, two

activity components were detected clearly by Chi square period-

ogram analysis as well. The circadian periods of each component

Figure 3. PER2::LUC rhythms in the SCN of LL-raised and DD-exposed mice. Representative circadian rhythms of spontaneous movement
(A) and PER2::LUC in the SCN (C) of WT-LUC and Cry1-/-/Cry2-/- -LUC mice are demonstrated. The behavioral rhythm was illustrated as double-plotted
actograms (A) with Chi square periodogram (B) under LL (upper) and DD (lower) for WT-LUC and Cry1-/-/Cry2-/- -LUC mice. Respective periodogram for
circadian PER2::LUC rhythms was also demonstrated (D). An oblique line in the periodogram indicates a significance level of p = 0.01.
doi:10.1371/journal.pone.0080615.g003
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Figure 4. Circadian behavioral rhythms in the LD-raised mice under LL and subsequent DD in adulthood. Circadian behavioral rhythms
in LD-raised WT-LUC (A) and Cry1-/-/Cry2-/- -LUC mice (B) under LL and DD are demonstrated as double-plotted actograms. Respective Chi square
periodograms are illustrated for the rhythms under LL (left) and DD (right). An oblique line in the periodogram indicates a significance level of p = 0.01.
doi:10.1371/journal.pone.0080615.g004
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were significantly longer in WT than in Cry1-/-/Cry2-/- mice by ca.

2 h. The difference could be attributable to the background

illumination (DD vs LL).

The changes of circadian behavioral rhythm induced by

prolonged exposure of nocturnal rodents to LL are well known:

lengthening the circadian period, splitting of the activity band into

two components as in the LD-raised WT mice, and abolishment of

circadian rhythm [6,7]. These changes were explained by

uncoupling of constituent oscillators in the circadian system.

Based on splitting of behavioral rhythm into two activity

components, Pittendrigh [13] advanced the hypothesis that the

circadian system consists of two oscillators referred as the evening

(E) and morning (M) oscillators which drive an evening component

(onset of activity) and morning component (end of activity) of

circadian behavioral rhythm. Two distinct activity components

observed in the LL-raised Cry1-/-/Cry2-/- mice may correspond to

the morning and evening components of circadian behavioral

rhythm.

Increase of the light sensitivity was suggested in Cry1-/-/Cry2-/-

mice, since light exposure completely suppressed activity bouts

that were expressed under DD [3]. Previously, Canal-Corretger et

al [7] reported that neonatal rats developed a tenable circadian

system under prolonged LL in adulthood, when they were raised

under LL. The robustness was not obtained when exposed to LL

in adulthood. These findings are consistent with the present results

in the LL-raised Cry1-/-/Cry2-/- mice. Development of a robust

circadian system could be due to the decreased sensitivity to light,

since prolonged LL is known to degenerate the retinal photore-

ceptor cells [14]. However, this mechanism does not fully explain

the present findings, since the circadian rhythms were not rescued

by exposure to LL in adulthood, by which the retinal degeneration

is similarly expected [15]. The postnatal exposure to LL was

reported to decrease the basal levels of AVP and VIP immuno-

staining in the SCN, suggesting direct effects on the SCN circadian

system [16]. The reorganization of the circadian system in the

SCN is likely involved in the development of circadian behavioral

rhythm in the LL-raised Cry1-/-/Cry2-/- mice.

Circadian PER2::LUC rhythms were observed in some, but not

all LL-raised Cry1-/-/Cry2-/- mice. The inconsistency is likely due

to SCN regional circadian rhythms which uncoupled under

particular conditions. Previously, we demonstrated two distinct

regional rhythms in the cultured SCN [17]. They corresponded

most likely to the E and M oscillators respectively. The regional

circadian rhythms consisted of multiple cellular rhythms, and their

phase-angle difference was changed according to photoperiod in

parallel with compression and decompression of activity rhythm.

Therefore, it is surmised that the circadian PER2::LUC rhythm in

the SCN reflects those of two regional rhythms and could be

modified depending on their phase-relationship. As a result, the

PER2::LUC in the SCN of Cry1-/-/Cry2-/- mice showed various

patterns of periodicities.

In some animals, a discrepancy in circadian rhythm develop-

ment was detected between behavior and PER2::LUC (Fig. 3).

This could be due to different involvement of CRY(s) in these

rhythms. However, the discrepancy was also likely due to

alternating split and merge of behavioral components and SCN

regional oscillators. Since the behavioral rhythm was evaluated

throughout the DD period while the PER2::LUC rhythm was at a

particular short period, the time difference of rhythm evaluation

could produce the discrepancy.

In conclusion, prolonged exposure to LL during the postnatal

period restored circadian rhythm in PER2::LUC as well as

spontaneous movement in Cry1-/-/Cry2-/- mice under DD. The

restored circadian rhythms showed two activity components with

different circadian periods, which resembled the split circadian

rhythm under prolonged LL in adulthood. The postnatal LL

compensates CRY double deficiency for disruption of the

circadian system in the SCN by reorganizing the system.

Acknowledgments

We thank G. T. van der Horst and A. Yasui for supplying Cry1-/-/Cry2-/-

mice, J. S. Takahashi for supplying PER2::LUC mice. We also thank P. J.

DeCoursey for critical discussion and English correction.

Author Contributions

Conceived and designed the experiments: SH KH. Performed the

experiments: DO SH. Analyzed the data: DO SH KH. Wrote the paper:

DO SH KH.

References

1. Reppert SM, Weaver DR (2002) Coordination of circadian timing in mammals.

Nature 418: 935–941.

2. Darlington TK, Wager SK, Ceriani MF, Staknis D, Gekakis N, et al. (1998)

Closing circadian loop: CLOCK-induced transcription of its own inhibitors per

and tim. Science 280: 1599–1603.

3. van der Horst GT, Muijtjens M, Kobayashi K, Takano R, Kanno S, et al. (1999)

Mammalian Cry1 and Cry2 are essential for maintenance of circadian rhythms.

Nature 398: 627–630.

4. Ono D, Honma S, Honma K (2013) Cryptochromes are critical for the

development of coherent circadian rhythms in the mouse suprachiasmatic

nucleus. Nat. Commun. 4:1666 doi: 10.1038/ncomms2670.

5. Maywood ES, Chesham JE, O’Brien JA, Hastings MH (2011) A diversity of

paracrine signals sustains molecular circadian cycling in suprachiasmatic nucleus

circuits. Proc. Natl. Acad. Sci. USA 108: 14306–14311.

6. Honma K, Hiroshige T (1978) Endogenous ultradian rhythms in rats exposed to

prolonged continuous light. Am. J. Physiol. 235:R250–R256.

7. Canal-Corretger MM, Vilaplana J, Cambras T, Dı́ez-Noguera A (2001)

Functioning of the rat circadian system is modified by light applied in critical

postnatal days. Am. J. Physiol. Regul. Integr. Comp. Physiol. 280: R1023–30.

8. Spoelstra K, Oklejewicz M, Daan S (2002) Restoration of self-sustained

circadian rhythmicity by the mutant clock allele in mice in constant illumination.

J. Biol. Rhythms 17: 520–5.

9. Abraham D, Dallmann R, Steinlechner S, Albrecht U, Eichele G, et al. (2006)

Restoration of circadian rhythmicity in circadian clock-deficient mice in

constant light. J. Biol. Rhythms 21:169–76.

10. Honma S, Yasuda T, Yasui A, van der Horst GT, Honma K (2008) Circadian
behavior rhythms in Cry1/Cry2 double-deficient mice induced by methamphet-

amine. J. Biol Rhythms 23: 91–94.
11. Yoo SH, Yamazaki S, Lowrey PL, Shimomura K, Ko CH, et al. (2004)

PERIOD2::LUCIFERASE real-time reporting of circadian dynamics reveals

persistent circadian oscillations in mouse peripheral tissues. Proc. Natl. Acad.
Sci. USA 101: 5339–5346.

12. Okamura H, Miyake S, Sumi Y, Yamaguchi S, Yasui A, et al (1999) Photic
induction of mPer1 and mPer2 in cry-deficient mice lacking a biological clock.

Science 286:2531–2534.

13. Pittendrigh CS (1974) Circadian oscillation in cells and the circadian
organization of multi-cellular systems. In: The Neurosciences, Third Study

Program, FO Schmitt FO, Worden FG, editors. Cambridge: The MIT Press.
pp. 437–458.

14. Hong J, Zeng Q, Wang H, Kuo DS, Baldridge WH, et al. (2013) Controlling the
number of melanopsin-containing retinal ganglion cells by early light exposure.

Exp. Eye Res. 111:17–26.

15. LaVail MM, Gorrin GM, Tepaci MA, Thomas LA, Ginsberg HM (1987)
Genetic regulation of light damage to photoreceptors. Invest Ophthalmol. Vis.

Sci. 28:1043–1048.
16. Smith L, Canal MM (2009) Expression of circadian neuropeptides in the

hypothalamus of adult mice is affected by postnatal light experience. J.

Neuroendocrinol. 21: 946–53.
17. Inagaki N, Honma S, Ono D, Tanahashi Y, Honma K (2007) Separate

oscillating cell groups in mouse suprachiasmatic nucleus couple photoperiodi-
cally to the onset and end of daily activity. Proc. Natl. Acad. Sci. USA 104:

7664–7669.

Postnatal LL Compensates Cry Double Deficiency

PLOS ONE | www.plosone.org 8 November 2013 | Volume 8 | Issue 11 | e80615


