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Abstract

Mice lacking CLOCK protein have a relatively subtle circadian phenotype, including a slightly
shorter period in constant darkness, differences in phase resetting after 4-hr light pulses in the
early and late night, and a variably advanced phase angle of entrainment in a light-dark (LD) cycle
(DeBruyne et al., Meuron50:465-477, 2006). The present series of experiments was conducted to
more fully characterize the circadian phenotype of Clock™~ mice under various lighting
conditions. A phase-response curve (PRC) to 4-hour light pulses in free-running mice was
conducted; the results confirm that C/ock™~ mice exhibit very large phase advances after 4 hrs
light pulses in the late subjective night, but have relatively normal responses to light at other
phases. The abnormal shape of the PRC to light may explain the tendency of CLOCK-deficient
mice to begin activity before lights-out when housed in a 12 hrs light: 12 hrs dark lighting
schedule. To assess this relationship further, Clock™~ and wild-type control mice were entrained
to skeleton lighting cycles (1L:23D, and 1L:10D:1L:12D). Comparing entrainment under the two
types of skeleton photoperiods revealed that exposure to 1 hr light in the morning leads to a phase
advance of activity onset (expressed the following afternoon) in Clock™~ mice, but not in the
controls. Constant light typically causes an intensity-dependent increase in circadian period in
mice, but this did not occur in CLOCK-deficient mice. The failure of Clock™~ mice to respond to
the period-lengthening effect of constant light likely results from the increased functional impact
of light falling in the phase advance zone of the PRC. Collectively, these experiments reveal that
alterations in the response of CLOCK-deficient mice to light in several paradigms are likely due to
an imbalance in the shape of the PRC to light.
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Introduction

In mammals, the circadian clock regulating behavioral rhythms is located in the
suprachiasmatic nuclei (SCN) of the hypothalamus (reviewed in Weaver 1998). The SCN
clock is re-set (entrained) by periodic stimuli, of which light is the most prevalent and
potent. The circadian clock within the SCN is composed of a population of coupled, single-
cell oscillators in which a transcriptional/ (post-)translational feedback loop operates
(reviewed in Weaver and Reppert 2008). The transcriptional activation is provided by
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heterodimers of the transcription factors, CLOCK:BMAL1 or NPAS2:BMAL1. These
heterodimers bind to E-box elements in the promoter region of the Period (Per) and
Cryptochrome (Cry) genes, increasing their expression level. Upon translation and
posttranslational modification, the protein products of these genes enter the nucleus in
various complexes, interact with and inhibit the activity of the activator complex, and
thereby suppress their own transcription. This molecular feedback loop has a cycle length of
approximately 24 hours.

The CLOCK protein plays an important role in this molecular feedback loop. A mutant
allele of the Clock gene was generated in a mutagenesis screen. Mice bearing one copy of
this mutant allele have abnormally long (~ 24.5 hr) free-running period in constant darkness
(DD), while homozygotes exposed to DD initially have very long period (~ 28 hr) and then
become arrhythmic (Vitaterna et al. 1994). The mutation, located in an intron, leads to
altered transcript splicing such that exon 19 is absent in the gene product (called
CLOCKA19; King et al. 1997b). The CLOCKA19 protein retains its capacity to interact
with binding partners and to bind to DNA, but the resulting complexes (e.g., with BMAL1)
are deficient in functional activity (Gekakis et al. 1998; Jin et al. 1999). Studies of the
mutant allele in combination with a large genomic deletion revealed that the CLOCKA19
product actively interferes with circadian rhythm generation (King et al., 1997a).
Nevertheless, Clock41% 419 mice become rhythmic in constant light (Spoelstra et al. 2002),
and the Clock419 419 genotype retains circadian rhythmicity in DD on other genetic
backgrounds (Kennaway et al. 2006; Ochi et al. 2003). Thus, additional mechanisms can
provide positive drive to the circadian feedback loop. Because Clock41% 419 mice had
abnormally long circadian period length regardless of background strain and lighting
condition, however, it had been assumed that the Clock gene played a critical role in the
function of the core oscillator.

DeBruyne et al. (2006) generated a null allele of Clock. Surprisingly, mice homozygous for
this null allele (hereafter, Clock™~ or CLOCK-deficient mice) remain rhythmic in DD, with
only a slight shortening of circadian cycle length (DeBruyne et al. 2006). NPAS2 is
structurally similar to CLOCK, and is capable of heterodimerization with BMAL1 and
driving E-box mediated gene expression (Hogenesch et al. 1998; Kume et al. 1999). Similar
to CLOCK-deficient mice, NPAS2-deficient mice exhibit robust behavioral rhythms with a
slightly shortened period in DD (DeBruyne et al. 2007a; Dudley et al. 2003). In the SCN,
NPAS2 appears to be functionally redundant with CLOCK, because mice lacking both
CLOCK and NPAS2 are arrhythmic (DeBruyne et al. 2007a). In peripheral tissues, however,
CLOCK is necessary for rnythm maintenance (DeBruyne et al., 2007b)

While CLOCK and NPAS2 are functionally redundant in terms of rhythm maintenance in
the SCN, mice lacking either protein apparently have abnormal responses to light. CLOCK-
deficient mice have altered light resetting, with smaller phase delays after a 4-hour extension
of the light phase and much larger phase advances after a 4-hour light pulse at the end of the
night (DeBruyne et al. 2006). An advanced phase angle of entrainment to the lighting cycle
also was observed in some experiments (DeBruyne et al. 2006; DeBruyne et al. 2007b).
Npas2™m mice also appear to have altered responses to light, as they re-entrain more
rapidly than wild-type controls following a single 4-hour shift in the light/dark (LD) cycle
(Dudley et al. 2003). Here, we more closely characterized the entrainment and phase
resetting properties of CLOCK-deficient mice and, in some experiments, of Ajpas2™™ mice.
The results reveal that CLOCK-deficient mice have profound abnormalities in circadian
light responses in several paradigms.
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Materials and Methods

Animals and Housing Conditions

Unless otherwise noted, male and female adult (3—12 month) mice were used. The
genotypes examined were C57BL/6J (wild-type) and Clock™~ or Njpas2™™ mice. The
mutant alleles were backcrossed to the C57BL/6J background for at least 9 generations prior
to generating homozygous animals for study. Generation of Clock™~ mice has been
described elsewhere (DeBruyne et al. 2006). Founder mice used to establish our colony of
Npas2™m mice (Reick et al. 2001) were kindly provided by Dr. Steven McKnight (UT
Southwestern, Dallas TX). Study mice were generated in our facility. Genotypes were
determined using a PCR-based method, as previously described (DeBruyne et al. 2007a). All
animal experiments were approved by the Institutional Animal Care and Use Committee at
the University of Massachusetts Medical School, and were in accordance with NIH
guidelines and international standards.

At all times, animals were maintained in climate controlled closets at 21+1 °C and 30-60 %
humidity, with food and deionized water available ad /ibitum. Animals in the general colony
were group housed in individually ventilated mouse cages (191 x 279 x 127 mm).

For most wheel running experiments, animals were housed individually in ventilated
microisolator cages (Allentown Inc., NJ, 393 x 285 x 194 mm) equipped with 125 mm
diameter running wheels (DeBruyne et al., 2006). In some studies of constant light exposure,
mice were housed in circular white cages (25 cm diameter) equipped with a light-emitting
diode (LED) module in the cage roof. The LEDs (Tyntek China, 10 mm white ultra-bright
LED) provide broad-spectrum illumination with a roughly Gaussian distribution of light
across the range from 430-720 nm, with three embedded peaks typical of white LEDs. The
circular cage design provided very even illumination across the cage, and different
illumination levels could be achieved using a rheostatic dimmer switch and neutral density
filters (Cinegel #3404, Rosco). Light intensities were measured with a VWR Traceable
photometer. Running wheels in this cage type were 175 mm in diameter.

White light for lighting cycles was provided by fluorescent bulbs. The intensity of light is
indicated for each experiment. Dim red light (>600 nm) was present at all times, except as
noted. Records of lighting shown in the figures are data-derived, based on recording of the
light present within each environmental closet using photoresistors and monitoring these as
“light channels” in ClockLab software.

Phase Response Curve (PRC)

Twelve male mice of each genotype (Clock™~, wild-type controls, and Ajpas2™™) were
habituated to running wheel cages for at least 2 weeks in 12L.:12D. Then, animals were
transferred to constant darkness (DD) for 15 weeks. During this time, animals received a 4-
hour light pulse (400 lux) every 12 to 20 days at random times of day, i.e., an Aschoff type |
protocol (Aschoff 1965). Free-running period was assessed in the 10 days before each light
pulse. Each animal was exposed to 7 light exposures. The timing of light pulses and the
resultant phase shifts were calculated and grouped in 2-hour circadian time (CT) bins (see
Table S1 in Supplemental Online Material). In addition, a phase transition curve was
calculated.

Phase shifts were compared using one-way repeated measures ANOVA with C7 as within
parameter and genotype as between parameter. Similarly, free-running periods were
compared using one-way repeated measures ANOVA with /nter-light pulse interval as
within parameter and genotype as between parameter. For both, Scheffé’s post-hoc test was
used for comparisons between genotypes.

J Biol Rhythms. Author manuscript; available in PMC 2012 October 01.
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Entrainment to Skeleton Photoperiods

Wild-type (2 males, 3 females) and CLOCK-deficient (5 males, 9 females) mice were
housed in microisolator cages with running wheels, and underwent baseline recording in
12L.:12D (100 lux, lights on at 07:00). The light phase was then shortened to occur only
during the final hour of the previous lighting cycle, e.g., lights on 18:00 — 19:00 (1L:23D).
After 8 weeks in these conditions, a second light phase per 24-hr cycle was added to
generate a cycle with lights on from 07:00 to 08:00 and from 18:00 to 19:00 (1L:10D:1L:
12D).

Effects of Constant Light on Circadian Period

Two experiments were conducted. In the first, male mice (n = 9 per genotype) were
entrained in LD (ca. 100 lux) in microisolator cages with running wheels for at least 2 weeks
and then were released into constant light (LL, ca. 100 lux). After 23 days in LL, the lighting
cycle was changed to DD. Free-running period was assessed for 10 consecutive days,
beginning 5 days after placement in each lighting condition.

In an independent experiment, wild-type (10 male, 4 female) and Clock™~ (9 male, 5
female) mice were held in circular cages with illumination provided by LEDs. Red light was
not present at any time. Light intensity levels were 0 lux (DD), 6 lux, 100 lux and 400 lux.
Animals were tested in two groups, in a counterbalanced design. One group started in LD,
followed by DD, and then by constant light with ascending intensities (6, 100, 400 lux). The
second group started in LD, and then went to the brightest level of LL, and subsequently
through descending light intensities (400, 100 and 6 lux, before DD). Each light level was
presented for 14 to 20 days. Circadian period in each lighting condition was determined for
10 days, excluding the first 4-5 days after transfer to the new light intensity.

Free-running periods were compared using 2-way repeated measures ANOVA with /ight
level as within parameter and group and genotype as between parameters. Scheffé’s post-
hoc test was used where appropriate. Results from the groups differing in the order of
treatments were not different and therefore were pooled.

Data Analysis

Results

Running wheel data was recorded using ClockLab Data Collection (Actimetrics, Wilmette
IL) and stored in 1 min bins. Actograms were double-plotted using ClockLab analysis
program. Phase shifts, waveform of activity, onsets of activity, and free-running periods ()
were calculated with ClockLab (Dallmann et al. 2007; DeBruyne et al. 2006). Data are
reported as mean * standard error of the mean (SEM). Statistical testing (described above
for each data type) was performed using StatView 5.0. All statistical tests were 2-tailed and
the level of significance was set to a = 0.05.

Phase Angle of Entrainment in 12L.:12D

We previously reported that CLOCK-deficient mice housed in an LD cycle were active for
2-3 hours before lights-out, but this abnormal behavior was seen inconsistently (DeBruyne
et al. 2006). This premature activity, also called a positive phase angle of entrainment, can
lead to ambiguity about the circadian phase of the oscillator in LD, and is one reason we
performed the PRC studies (below) using an Aschoff type I design.

We first assessed phase angle of entrainment in male mice of three genotypes housed in
12L:12D. Clock™" mice had a significantly larger portion of their daily activity during the
light phase of the lighting cycle, relative to wild-type and Ajpas2™™ mice (Fig. 1). Plotting
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the activity profiles revealed that C/ock™~ mice had an advanced phase angle of activity
onset, compared to AVjpas2™™ and wild-type mice (Fig. 1A). On average, the onset of
activity preceded lights-off by 1.2 + 0.1 hrs in Clock™~ mice. In contrast, activity onset
follows lights-off by 0.1 + 0.1 hrs in Ajpas2™™ mice and by 0.0 £ 0.1 hrs in wild-type mice
(n =12 per genotype).

Free-running period in DD

The male mice used to assess phase angle of entrainment were subsequently released into
DD, and then were exposed to light pulses to construct a phase-response curve (see below).
There was a significant effect of genotype on free-running period during the free-running
portions of the PRC experiment (p < 0.001), but no change over the course of the
experiment (p > 0.36). The average free-running periods (tpp) were 22.9 + 0.2 hrs
(Clock™™), 23.4 + 0.1 hrs (Npas2™™) and 23.8 + 0.1 hrs (wild-type). Clock™'~ mice differed
significantly from wild-type mice (p < 0.001), while a trend toward shorter tpp in Apas2™m
mice was not significant (p > 0.05), consistent with previous reports (DeBruyne et al., 2006,
2007h, Dudley et al, 2003).

Phase Response Curve (PRC)

Previous work showed that CLOCK-deficient mice had altered responses to a 4-hour light
pulse on the first night of constant conditions (DeBruyne et al. 2006), i.e., in an Aschoff type
Il protocol (Aschoff 1965). This previous work examined only two phases, a 4-hour
extension of the light phase of the lighting cycle (from ZT12-ZT16), and a pulse at ZT 20-
24 (DeBruyne et al. 2006). To further characterize the light responses of CLOCK-deficient
mice, we exposed mice to 4-hour light pulses at all circadian times while free-running in
DD, i.e., an Aschoff type I protocol (Aschoff 1965). Four-hour light pulses were used
because these give larger phase shifts than shorter light pulses, while the overall PRC shape
is unaffected (Comas et al. 2006, 2007).

The magnitude of light-induced phase shifts for Ajpas2™™ mice was indistinguishable from
wild-type mice at all times (Figs. 2 & 3). In contrast, Clock™~ mice had a qualitatively
different PRC. Clock™~ mice showed phase shifts with a magnitude comparable to that of
wild-type mice in response to light exposure during the subjective day and first 4 hrs of the
subjective night, but very large phase shifts occurred in response to light applied in the
middle and latter half of the subjective night, compared to wild type controls (Figs. 2 & 3).
For statistical analysis, data were binned in 2-hour intervals based on the CT of the start of
the light pulse. Clock™~ mice had significantly larger shifts than wild-type mice at CT16,
18, 20, 22, and 24 (Fig. 3A; see also Table S1). While the average phase shift following
light exposure starting at CT 17-20 was ~ 9.5 hours, phase shifts of individual animals
approached ~ 12 hrs. These very large phase shifts were immediate, without apparent
“transient” days. For each genotype, very little change in free-running period was observed
following 4-hr light pulses (data not shown), consistent with results of Comas et al (2006)
for wild-type mice.

Phase shift data were also plotted as a phase-transition curve (Fig. 3B). The average slope of
the plots were near one for wild-type (0.98; R2=0.93) and Ajpas2™™ (1.00; R%=0.90),
respectively), indicating Type 1 resetting, while the average slope was near zero (0.05;
R?=0.01) in Clock™~ mice (Type 0 resetting, Winfree 1980).

Two Clock™" mice became arrhythmic in response to a 4-hour light pulse beginning near

the middle of their circadian night (Fig. S1). In both cases, rhythmicity was reinstated by the
next light pulse and their phase after the light pulse was similar. Arrhythmicity was not
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observed in mice of any other genotype, and could not be reproduced in the same animals
with similarly timed light pulses given later in the experiment.

Due to the lack of phenotype of Ajpas2™™ mice with respect to phase angle of entrainment
in 12L:12D and in the PRC experiment, they were not included in subsequent experiments.

Entrainment to Skeleton Photoperiods

To further assess the activity profile with less influence from acute effects of light on
activity (i.e., masking), additional studies were performed using skeleton photoperiods. The
skeleton lighting cycle used consisted of lighting during only the first and last hour of the
previous light phase, while the half-skeleton photoperiod consists of only the last hour of
light; these photocycles allow larger periods of time in darkness and thus allow assessment
of activity profiles with reduced opportunity for masking (Pittendrigh and Daan 1976;
Mrosovsky 1999).

All wild-type mice remained entrained and started activity after the “evening” light pulse of
the skeleton photoperiod, irrespective of the presence of the “morning” light pulse,
indicating they are entraining by delays, as expected (Fig. 4). Seven (2 of 5 male and 5 of 9
female) Clock™~ mice transferred from 12L:12D to a half-skeleton photoperiod (1L:23D)
behaved similarly to each other. These mice gradually delayed activity onset until activity
began just after the 1 hr evening light phase, thus achieving a phase that was
indistinguishable from wild-type mice (Figs. 4 & 5). Immediately after introduction of a
second, 1-hr light phase each morning (1L:10D: 1L:12D), the advanced phase angle
reappeared in Clock™~ mice (2.2 + 0.1 hrs), but not in wild-type mice (-0.1 0.1 hrs, Fig.
5). The magnitude of the positive phase angle was nearly twice as large in the 1L:10D:1L:
12D skeleton photoperiod as in 12L:12D (Fig. 5; see also Fig. S2).

The response of Clock™~ mice to the half-skeleton (1L:23D) photoperiod was
heterogeneous, however. Seven of the mice behaved similarly, as described above. Of the 7
remaining mice, 4 did not entrain to 1L:23D by delays, but instead advanced their activity
onsets “around the clock’ until they locked on to the 1-hour light phase, with activity onset
now coordinated to the end of the light. Two Clock™~ mice did not entrain to the half-
skeleton photoperiod, while one mouse initially free-ran with a short period, and then
showed relative coordination to the light pulse, with an advanced phase angle of
entrainment. Because these 7 mice took much longer to establish a stable phase angle, and
their activity onsets were very different from the group of mice exemplified in Fig. 4, and
from each other, these mice were excluded from the analysis presented in Fig. 5. Five of
these seven ‘atypical’ Clock™~ mice rapidly assumed the advanced phase angle of
entrainment typical of Clock™'~ mice when a second 1-hr light pulse per cycle was
introduced (1L:10D:1L:12D; data not shown).

An independent, slightly shorter experiment with a different order of lighting schedules was
conducted; the overall pattern of results was very similar (Fig. S2).

Overall, the PRC and skeleton photoperiod studies suggest that the advanced phase angle of
entrainment of Clock™~ mice in 12L:12D is due to a very strong phase-advancing effect of

light in the morning, which cannot be overcome by the more modest phase delaying effects

of light in the evening.

Effects of Constant Light on Circadian Period

Constant light (LL) affects circadian period in mice (Aschoff 1952). Like most nocturnal
rodents, wild-type mice have a larger phase delay portion of the PRC than phase advance
portion, and constant light, by falling on both portions, leads to an increase in period length.

J Biol Rhythms. Author manuscript; available in PMC 2012 October 01.
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In view of the abnormally large phase advance portion of the PRC of Clock™'~ mice, we
predicted that CLOCK-deficient mice would not lengthen period when exposed to LL.

In the first LL experiment, we examined period length at a single light intensity (100 lux)
and compared it totpp. The tpp of these Clock™~ mice was 0.7 + 0.2 hrs shorter than that
of the control mice, confirming previous results (DeBruyne et al., 2006; 2007b, DD results
from the PRC study, above). The free-running period of wild-type controls was increased in
LL by 0.5+ 0.1 hrs (p < 0.001) compared to DD (¢ :24.4+ 0.1 hrsvs. tpp: 23.9£0.1
hrs). In contrast, and consistent with our expectations, the free-running period of Clock™~
mice in LL was 0.3 £ 0.2 hrs shorter than in DD (p < 0.05; ¢ : 22.9 + 0.1 hrs vs. tpp: 23.3
+ 0.2 hrs).

Since lengthening of period in constant light is typically dependent on light intensity in mice
(Aschoff 1960), we next tested LL at multiple illumination levels. In this second experiment,
LED light sources and circular white cages were used for better control over illumination
levels. Again, the average free-running period of wild-type controls increased significantly
with increasing light intensities (p < 0.01). In contrast, the free-running period of Clock™~
mice did not increase with light intensity, but in fact tended to be shorter in constant light,
independent of intensity (ANOVA: p > 0.05, n.s.) (Fig. 6). One potential explanation for the
absence of a lengthening effect of constant light on circadian period would be insensitivity
to light. Notably, however, LL inhibited locomotor activity levels in an intensity-dependent
manner in both CLOCK-deficient and wild-type mice (Fig. S3).

Discussion

Compared to the very marked phenotype of Clock429A19 mice in DD, characterized by a
very long (~28 hr) period and decay into arrhythmicity (Vitaterna et al. 1994), CLOCK-
deficient mice have only a mild phenotype in DD, exhibiting a slightly shorter free-running
period (DeBruyne et al. 2006, present results). Nevertheless, our earlier study indicated that
circadian responses to light are altered in the absence of CLOCK (DeBruyne et al. 2006). In
the present work, we have thoroughly investigated the responses of CLOCK-deficient mice
to light, identifying a number of significant abnormalities that appear to be functionally
interrelated. CLOCK-deficient mice exhibit much larger phase advances to light exposure
during late night / early morning than wild-type mice, which is evident in the Type 0 PRC to
4-hour light pulses. Together with a slightly shorter endogenous period, large phase
advances to light might be responsible for both the altered phase angle of entrainment in LD
and the absence of LL-induced lengthening of period (see below).

To test the hypothesis that morning light had a profound impact on entrainment in CLOCK-
deficient mice, we subjected the mice to skeleton photoperiods. In the half-skeleton
photoperiod (1L:23D) with only 1 hr of light in the evening and no light in the morning, the
animals gradually entrained to the same phase as wild-type mice (Figs. 4 & 5). When the
morning light was reintroduced (1L:10D:1L:12D), the Clock™'~ mice regained their
advanced phase angle almost immediately. These data strongly suggest that light in the
morning does indeed cause a significant advance of the oscillator and of activity. The very
slow time-course by which Clock™~ mice phase delay to the wild-type-like phase angle in
the half-skeleton photoperiods is somewhat surprising, as it contrasts with the rapid response
to single light pulses in the PRC experiment. This slow response may reflect conflicting
influences related to the relatively small phase delay zone of the PRC and the slightly
shorter free-running period of the CLOCK deficient mice. Indeed, several animals entrained
to the half-skeleton photoperiod by advances rather than by delays.

J Biol Rhythms. Author manuscript; available in PMC 2012 October 01.
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Detection of an advanced phase angle of entrainment in the running wheel records of
CLOCK-deficient mice housed in 12L:12D requires — by definition — that the mice use the
running wheel during the light phase of the light-dark cycle. Light is, however, a potent
inhibitor of wheel-running activity in mice, an effect referred to as ‘negative masking’
(Mrosovsky 1999). Thus, we previously proposed that Clock™'~ mice might have an
alteration in masking (DeBruyne et al. 2006). Altered masking has been described for
ClockA19A19 mice (Redlin et al. 2005), but masking has not been examined in detail in
CLOCK-deficient mice. While a change in masking may a/fowthe expression of the
advanced phase angle in 12L:12D, the expression of a similarly advanced phase angle of
entrainment in skeleton photoperiods indicates that possible alterations in masking are not
causally related to the advanced phase angle phenotype. The free-running period of
CLOCK-deficient mice is 0.5-0.7 hr shorter than in wild-type mice. This period difference
may contribute to the advanced phase angle of entrainment in CLOCK-deficient mice, but it
seems unlikely to account for the entire ~ 1.5-2 hr advance in activity onset.

Another possible explanation for the altered phase angle of entrainment and altered
entrainment in skeleton photoperiods in CLOCK-deficient mice is an increase in the
duration of the nocturnal photosensitive period. As a proxy for this, we calculated activity
duration (alpha) for all animals used for the PRC, for a 10-day period while the mice were
free-running in DD. Manual calculation was performed because alpha in mice is quite
variable and difficult to determine. We found no significant difference among the genotypes
(data not shown).

“Aschoff’s rule” summarizes the observation that nocturnal rodents increase their free-
running period with increasing intensity of constant light. This is attributed to the larger
phase-delay portion of the PRC, relative to the phase advancing portion, so that when
illumination falls on the entire circadian cycle, progressive delay of the oscillator results.
CLOCK-deficient mice defy Aschoff’s rule by not lengthening their free-running period in
LL. In both experiments (one comparing DD with LL of ca. 100 lux, and another examining
3 light at 6, 100, and 400 lux), period length of wild-type mice increased in LL, while
CLOCK-deficient mice did not. This may result from the larger phase advance region of the
PRC in CLOCK-deficient mice; illumination falling throughout the circadian cycle advances
the oscillator. It is worth noting, however, that the mechanistic relationship between LL-
induced period lengthening and the PRC is far from clear, as exemplified by Syrian
hamsters, which have a larger phase advance zone of the PRC and yet show intensity-
dependent period lengthening in LL.

The propensity of CLOCK-deficient mice to be active during the afternoon when housed in
an LD cycle, and the failure of CLOCK-deficient mice to lengthen period in constant light
could result from difficulty perceiving light. Several lines of evidence indicate that this is
not the case. First, the PRC data indicate that CLOCK-deficient mice actually have larger
phase shifts when light exposure occurs in the middle or late subjective night. Second, LL
inhibited activity levels in an intensity-dependent manner in both CLOCK-deficient and
wild-type mice (Fig. S3), suggesting no gross defect in negative masking. Finally, we
examined light-induced c- fos expression in the SCN at CT13, and found robust light-
induced expression (relative to dark controls) that did not differ between the genotypes (Fig.
S4). These data directly demonstrate the functional integrity of the retino-hypothalamic
tract. Nevertheless, we cannot exclude subtle differences in sensitivity to light. In fact, the
retinal clock can influence light perception (Guido et al. 2010; Weng et al. 2009). While
Clock™~ mice do not have functional peripheral clocks (DeBruyne et al. 2007b), their retinal
clock has not yet been examined.
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Mice with mutations in other circadian clock genes resemble some aspects of the phenotype
of CLOCK-deficient mice, but no model fully reproduces it. Per25@m1 mice have a short
period in DD, but become arrhythmic with extended time in DD (Zheng et al., 2001), and
the PRC is Type 1 (Spoelstra et al. 2004). PER2 has been proposed to play an important role
in period lengthening in LL (Munoz et al., 2005), and Per2579mI mice do not lengthen free-
running period in LL (Steinlechner et al. 2002). Rev-erba " mice have a slightly shorter
period in DD, large phase advances in response to light late in the night, and their period
lengthening response to LL is blunted but not absent (Preitner et al. 2002; Jud et al., 2010).
Mice lacking both PER1 and REV-ERBa maintain rhythmic Per2expression and behavioral
rhythmicity, have short a period, have only modest increase in T, | and have a type 0 PRC
(Jud et al. 2010), and thus are most similar to Clock™~ mice. Molecular deficits in the SCN
of CLOCK-deficient mice include a modest reduction in peak PER2 levels, great reductions
in Rev-erba and Perl expression, and reduction in BMALL and PER1 protein levels to ~10
% of the wild-type peak level (DeBruyne et al. 2006). This constellation of molecular
deficits may contribute to reduction in pacemaker amplitude that underlie the altered PRC
and type 0 resetting in CLOCK-deficient mice, with only subtle alterations in free-running
period in DD. Collectively, these studies reveal that tpp, T |, and circadian responses to
light can be differentially affected by molecular lesions.

CLOCK and NPAS2 are functional homologs and are critically important for circadian
clock function (DeBruyne et al. 2007a). Like Clock™~ mice, Npas2™™ mice have a slightly
shorter Tpp compared to wild-type animals (Dudley et al. 2003), although this difference
has not been statistically significant in our studies (DeBruyne et al., 2007a; present results).
Npas2™™m mice re-entrain more rapidly than wild-type mice following a 4-hr advance of the
lighting cycle (Dudley et al. 2003). In apparent contrast with the results of Dudley et al.
(2003), however, we found that Ajpas2™™ mice have a wild-type-like PRC (Figs. 1 & 2).
Re-entrainment to a phase-shifted lighting cycle may be a more complicated assay of
circadian light responses, or the shorter free-running period might be responsible for faster
re-entrainment. We also found that Ajpas2™™ mice have a normal phase angle of
entrainment in an LD cycle. The much more marked abnormalities in photic responses of
Clock™= mice, relative to Apas2™™ mice, indicate that CLOCK plays an important role for
which NPAS2 cannot substitute. With respect to light resetting, NPAS2 is not able to fully
rescue a CLOCK-less clock.

In Clock™9* mice, it has been proposed that the type 0 PRC in response to 6-hour light
pulses is due to reduced pacemaker amplitude (Vitaterna et al. 2006). On a molecular level,
this is reflected by lower amplitude Per rhythmicity coupled with normal induction of
Period gene expression by light (Vitaterna et al. 2006). In the SCN of Clock™~ mice, the
rhythmic expression of several clock genes and output genes is dampened at the RNA and
protein levels (DeBruyne et al. 2006; see above). Therefore, it is possible that type 0
resetting in CLOCK-deficient mice is due to reduction in circadian oscillator amplitude, as
proposed for Clock®19* mice.

In Clock™" mice, enhanced resetting may arise by another mechanism, distinct from a
global reduction in the amplitude of single-cell oscillators. In the SCN of CLOCK-deficient
mice, there is a drastic (~90%) reduction in the number of neurons immuno-positive for
BMALY1, suggesting that the complement of functional circadian oscillators is reduced by
90% (DeBruyne et al. 2006). The remaining 10% of neurons are nevertheless sufficient to
maintain rhythmicity in SCN explants and to maintain behavioral rhythms, due to
intercellular coupling (DeBruyne 2008; Liu et al. 2007). In contrast, peripheral tissues
cannot maintain coherent rhythmicity /n vitro, likely because they lack coupling (DeBruyne
et al. 2007b). Models of locally coupled oscillators can produce type 0O resetting if coupling
strength is reduced (Achermann and Kunz 1999). A smaller population of functional
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oscillators will have an inherently lower degree of oscillator coupling, making it easier to
reset to a different phase compared to a whole network of functional oscillators. Thus,
reduction in the number of functional SCN oscillators, and the resulting decrease in their
coupling strength, may contribute to the type 0 PRC in Clock™™ mice.

Whether amplitude reduction occurs by reduction in individual oscillator amplitude or by
reduction in the number of functionally coupled oscillators, amplitude reduction is likely key
to understanding the light-resetting phenotype of CLOCK-deficient mice. Theory on PRC’s
indicates that reduced pacemaker amplitude predisposes the oscillator for type 0 resetting
(Johnson 1999; Johnson et al., 2003). Furthermore, when a strong input stimulus induces a
large phase shifts in a limit-cycle oscillator, both phase and amplitude of the oscillator are
affected (Winfree 1980). In Clock™~ mice, reduced initial oscillator amplitude may make
the oscillator very sensitive to the amplitude-reducing effects of a light pulse, relative to
wild-type mice. Amplitude is likely not constant throughout the cycle, and a stimulus-
induced reduction in amplitude may have greater effect when initial amplitude is lower,
leading to a type 0 PRC, and explaining the phase-specific alteration of the PRC.
Furthermore, light-induced reduction in pacemaker amplitude likely explains the light pulse-
induced arrhythmicity observed in two cases (Fig. S1); appropriately timed light drives
pacemaker amplitude to zero. Additional studies with shorter duration or lower intensity
light could support this speculation, if a type 1 response were observed to less intense
stimuli. Further molecular and physiological analysis of genetically modified mouse models
will be needed to define the key biochemical substrates and mechanisms that define
pacemaker amplitude.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(A) Average normalized waveform of activity of wild-type (top), ApasZ™™ (middle), and
Clock™~ mice (bottom) during the last 10 days of 12L:12D for the mice subsequently used
for the PRC experiment. Shaded area signifies SEM around average (n = 12 per genotype).
Grey box indicates LD schedule. (B) Quantification of the proportion of activity during the
light phase for each genotype of the same animals and period as in A. *** indicates p <
0.001 vs. wild-type in post-hoc test.
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Hours

Double plotted actograms of a representative Clock™~ (left), Npas2™™ (center) and wild-
type (right) mouse during the PRC experiment. Shaded areas signify periods of darkness.
The light pulse on the first day in DD was not included in the PRC because it was not

preceded by a period of free-running rhythmicity in DD.
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Figure 3.

(A) PRCs of Clock™~ (white squares), Mpas2™" (gray circles) and wild-type (black
squares) mice, binned into 2-hour intervals. (B) Phase-transition curves for Clock™~ (white
squares), Apas2™M (gray circles) and wild-type (black squares) mice. Data for twelve mice
and 76 to 86 pulses per genotype are depicted; see Supplemental Table S1 for details on
number of pulses and values. Significant differences vs. wild-type are indicated as * p <
0.05, ** p < 0.01 and *** p < 0.001. Abbreviation: ch, circadian hours.
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Figure4.

Representative double-plotted actograms of a C/ock™~ mouse and a wild-type mouse in the
various light/dark cycles (12L:12D, 1L:23D, 1L:10D:1L:12D and DD). Shaded areas signify
periods of darkness. A gap in data recording occurred from day 49 to day 51.
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Figureb5.

Quantification of activity onset for Clock™~ and wild-type mice in various lighting
conditions (12L:12D, 1L:23D and 1L:10D:1L:12D). Every data point represents the mean *
SEM (symbol + dashed lines) activity onset of 7 Clock™’~ (2 males and 5 female; open
symbols) and 5 wild-type (closed symbols) mice on one day.
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(A) Representative double-plotted actograms of Clock™~ and wild-type mice in constant
light (LL) of different intensities. (B) Quantification of free-running period in LL of
different intensities in Clock™~ and wild-type mice (n = 14 each). In wild-type mice, period
increased significantly with illumination level (p < 0.01), while illumination level had no
significant effect in Clock™~ mice. Post-hoc testing revealed that period length of wild-type
mice was significantly increased at 100 lux (* p < 0.05) and at 400 lux (** p < 0.01), relative

to DD, but was not different at 6 lux (p > 0.05).
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