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Abstract

Background—Human circadian rhythms are regulated by the interplay between circadian genes
and environmental stimuli. The influence of altered sleep/wake schedules or light on human
circadian gene expression patterns is not well characterized.

Methods—Twenty-one participants were asked to keep to their usual sleep schedules and two
blood samples were drawn at the end of the first week for each subject based upon estimated time
of dim light melatonin onset (DLMO); the first sample was obtained one and a half hours before
the estimated DLMO and the second three hours later, at one and a half hours after the estimated
DLMO. During the second week, participants were randomized into two groups, one that received
a one hour “blue” light (Amax = 470 nm) exposure in the morning and one that received a
comparable morning “dim” light exposure. Two blood samples were obtained at the same clock
times as previous week at the end of the second week.

Results—We measured the expression of 10 circadian genes in response to sleep/wake schedule
advancement and morning “blue” light stimulation in the peripheral blood of 21 young adults
during a two week field study. We found that nine of the 10 circadian genes showed significant
expression changes from the first to the second week for participants in both the “blue” and “dim”
light groups, likely reflecting significant advances in circadian time.
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Conclusions—This wholesale change in circadian clock gene expression may reflect significant
advances in circadian time (i.e., advance in DLMO) from the first to the second week resulting
from the advanced, daily personal light exposures.
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1. Introduction

The 24 hour circadian clock, the culmination of an ancient adaptation to the light/dark cycles
resulting from the earth’s rotation, affects biochemical, physiological, and behavioral
processes in almost all living organisms. The mammalian central pacemaker is regulated by
the positive and negative transcription translation feedback loops of the so-called circadian
genes, the best characterized of which include: CLOCK [1], casein kinase I, epsilon
(CSNKIE) [2], cryptochrome 1 (CRY1), cryptochrome 2 (CRY2) [3], period 1 (PERI),
period 2 (PER2), period 3 (PER3) [4, 5], neuronal PAS domain protein 2 (NPAS2) [6],
TIMELESS 7], and aryl hydrocarbon receptor nuclear translocator-like (ARNTL) (also
referred to as brain and muscle Arnt-like protein-1 (BMALI)) [8, 9]. Polymorphisms in
circadian genes have been linked to circadian-related phenotypes, including morning/
evening preference and depressive symptoms [10-13]. In particular, polymorphisms in the
PER3 gene have been found to be significantly associated with delayed sleep phase
syndrome and diurnal preference [10, 13, 14], and a single nucleotide polymorphism located
in the 3’ flanking region of the human CLOCK gene was found to be associated with diurnal
preference [11].

Light/dark patterns affect both the timing and amplitude of circadian-related processes,
including melatonin synthesis and thermoregulation. Mammals have a circadian
photoreception pathway that is distinct from those of visual perception. Mice lacking rods
and cones, for example, are still able to respond with phase-dependent shifts of behavioral
rhythms [15, 16]. Previous studies comparing light spectra indicate that the human circadian
system is preferentially sensitive to short-wavelength (~470 nm) light, with greater
responses to short wavelength light observed in melatonin suppression [17-19], circadian
phase delay [19-21], and circadian phase advance [22-25].

While light dependent effects on traditional markers of circadian rhythmicity, such as
melatonin, cortisol, and body temperature, are well documented; the same effects on the
expression of circadian genes are generally less well understood. The classic animal
experiment conducted by Albrecht et al. provided the first direct evidence that light stimuli
can affect core circadian gene expression patterns in mammals [26]. Since then, studies have
demonstrated the diurnal time-dependent expression of PERI, PERZ, and PER3in human
blood, with less conclusive evidence for BMAL1, CLOCK, TIMELESS, CRY1, and CRYZ2
[27-29]. Only one study, to our knowledge, has been conducted to measure the effect of
sleep entrainment on core circadian gene expression in peripheral blood, which found
changes in PERI and PERZ2expression patterns in individuals with altered sleep/wake
schedules and those subjected to bright light treatment [30]. Similarly, few studies have been
conducted to examine the effect of light stimuli on human circadian gene expression, and
only two, restricted to the study of PER3, CRY1, and BMAL 1, have examined this effect in
human blood [31-34].

In the present study, we test the effects of morning “blue” light exposure and a sleep

advance intervention on the expression patterns of 10 circadian genes in the blood of young
adults with delayed habitual sleep schedules in a field setting. This represents the first
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investigation of a near comprehensive panel of well-studied circadian genes in the context of
circadian entrainment.

2. Methods

2.1 Participant recruitment

Participant characteristics have been described in detail in a previous publication by Sharkey
et al [35]. The study was approved by the Institutional Review Boards at Brown University.
Briefly, participants were recruited using advertisements targeting “struggling night owls”
ages 18-30. Interested individuals called the laboratory to undergo preliminary screening.
Inclusion criteria included general good health, lack of medication use with known effects
on sleep or circadian rhythms, proficiency in written and spoken English, habitual
consumption of less than 360 mg of caffeine and fewer than 10 cigarettes per day, and an
average reported total sleep time of < nine hours per night (so that the intervention would
not result in significant sleep deprivation). Exclusion criteria included a personal history of a
sleep disorder, bipolar disorder, psychosis, seizure disorder, or chronic medical condition
(e.g., diabetes, asthma, cancer), and a family history of psychosis or bipolar disorder.
Individuals who reported using recreational drugs and most prescription drugs were also
excluded. Night shift workers and anyone who had traveled beyond two time zones in the
month prior to the study, were also excluded.

Young adults who had misalignment between their actual sleep schedules and daily
activities were chosen as subjects as these individuals may represent a useful model of
subsyndromal delayed sleep phase. Thus, the definitive inclusion criterion was the presence
of a misalignment between the participant’s usual sleep/wake times and his or her routine
schedule. This was defined this as the existence of an obligatory morning commitment that
required the participant to awaken 1-2.5 hours earlier than his or her average reported wake
time at least one day per week. The schedule misalignment formed the basis of the change in
the participants’ sleep/wake times during the advanced schedule intervention.

2.2 Study overview

As illustrated in the sample protocol in Figure 1, participants completed one baseline
nonscheduled week followed by one week on a phase-advanced sleep/wake schedule.
During the second week, participants were exposed to either “blue” or “dim” light shortly
after awakening. Participants underwent a laboratory overnight session at the end of each
week for blood collection for measuring circadian gene expression. During both weeks of
the study, participants wore Daysimeters and wrist actigraphs to measure light exposure and
activity/rest patterns. All participants completed the Horne-Ostberg morningness-
eveningness questionnaire as a measure of circadian phase preference.

2.3 Home monitoring

The home monitoring protocol has been explained in detail previously [35]. Briefly,
participants were instructed to wear Daysimeters and actigraphs, as well as to keep track of
sleep activity, throughout the two week study period. The Daysimeter was used to calculate
“circadian light” (i.e., spectrally weighted corneal irradiance or circadian illuminance, in
units of CLa) based upon the spectral sensitivity of human nocturnal melatonin suppression
model by Rea et al [36, 37]. The average log CL A and average log lux for the first 90
minutes after waking and across the entire day while the Daysimeter was worn were
calculated for the baseline week and the six days of the phase-advanced sleep schedule. The
Daysimeter was also used to collect information on individual participant activity levels to
measure compliance with wearing the device. Participants were instructed to wear the
Daysimeter during waking hours throughout the two week study period except during
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bathing, vigorous exercise, and sleep. Participants were also instructed to place the
Daysimeter in a safe place in the room where they slept in order to expose the sensor to
ambient light. For the Daysimeter data to more accurately reflect corneal light exposures,
participants were asked to avoid wearing sunglasses or brimmed hats during the study. Log
books were also completed by participants to report times the Daysimeter was worn.

Participants were also asked to wear actigraphs to measure activity patterns. Actigraphs
were worn on the nondominant wrist continuously throughout the two-weeks study period,
except during bathing. Each participant completed a daily sleep diary and phoned the
laboratory’s time-stamped voicemail at bedtime and wake time daily. At the end of each
monitoring week, the actigraph data were compared to the sleep diary and voicemail
information to ensure compliance to the protocol.

2.4 Sleep advance intervention

For the first week of home monitoring, participants were instructed to keep their usual sleep
schedule. Bedtimes and rise times were not fixed, and participants were given no
instructions with regard to their exposures to light. Participants were instructed to sleep in
their own beds, and avoid napping and staying awake all night.

Following the first in laboratory session at the end of the first study week, participants
continued to wear the Daysimeter and actigraph for the next six days at home during which
they were required to follow their individualized fixed, advanced sleep/wake schedule that
included seven and a half hours of time in bed per night and was determined based on each
individual participant’s morning schedule requirement. Scheduled wake times were one to
two and a half hours earlier than each participant’s average reported wake time during the
baseline week, thus representing a phase advance in sleep schedule. Participants were
required to be in bed, in the dark, and to try to sleep during their scheduled sleep times.
Sleep schedule compliance was confirmed with wrist actigraph data, sleep diaries, and time-
stamped phone calls.

2.5 Morning light intervention

We used a novel eye-level light monitor that detects spectrally weighted radiation, the
Daysimeter [38], to ensure compliance to the “blue-light” intervention and to quantify light
exposures throughout the day and evening, while participants were awake. Participants
followed their normal sleep/wake schedules during the first week while wearing the
Daysimeter. During the second week, the participants sat in front of an Apollo P2 GoL.ite
light box (Phillips Respironics, Amsterdam, The Netherlands) for one hour immediately
after awakening on the six mornings of the advanced sleep/wake schedule. The GoLite P2 is
a 6 x 6 inch device with an array of 66 LEDs that emit blue (short wavelength) light with a
peak wavelength of 468 nm. Participants were randomly assigned to receive either the
“blue” light intervention (treatment group, n=12), where they sat with the GoL.ite 24 inches
from their eye directed at their face with light intensity set at 50 percent maximum
brightness (~225 lux), or the “dim” light intervention (control group, n=13), where the
participant sat with the GoL.ite perpendicular to their face, directed across their workspace
with light intensity set at 10 percent maximum brightness (< 1 lux). Participants were
instructed to wear the Daysimeter device during the light exposure and throughout all
waking hours.

2.6 Biosample collection

Participants came in for overnight in-laboratory sessions on the last day of each study week
for blood and saliva collection. Laboratory conditions have been described in detail
previously [35]. At the end of the first, baseline week, two blood samples were drawn for
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gene expression assessment at two times; times of blood draws were individualized based
upon each participant’s advanced sleep/wake schedule from which dim light melatonin onset
(DMLO) phase was estimated using the algorithm of Burgess and Eastman [39]. Blood
sampling times were individually scheduled so that the first sample was obtained one and a
half hours before the predicted DLMO (pDLMO) and the second was obtained one and a
half hours after pPDLMO. After imposition of the advanced sleep/wake schedule of the
second week and the light treatment, two blood samples were obtained at the same clock
times as those from the baseline week. Peripheral whole blood from venipuncture was
dispensed into micro-tubes pre-aliquoted with PAXgene™ reagent. The sample was gently
inverted and stored at -70°C for later RNA isolation. Viable blood samples were available
for eleven subjects in the “dim” light group and ten subjects in the “blue” light intervention
group for both weeks of data collection.

Saliva samples were also collected every 30 minutes from three and a half hours before
pDLMO to two hours after pPDLMO to measure salivary melatonin levels, as detailed
elsewhere [35]. Bedtime was scheduled to occur immediately following saliva sample
collection at two hours after pPDLMO, which required participants to stay awake beyond
their usual bedtimes.

2.7 RNA extraction

RNA was extracted from whole blood using the PAXgene™ Blood RNA System Kit
(Qiagen, Valencia, CA) according to the manufacturer’s guidelines. Briefly, the samples
were removed from -70°C and incubated at room temperature with lysis reagent for two
hours to ensure complete lysis. Following lysis, the tubes were centrifuged for 10 min at
5,000 xg, the supernatant was decanted, and 500 p.L of RNase-free water was added to the
pellet. The tube was vortexed to thoroughly re-suspend the pellet, centrifuged for 10 minutes
at 5000 x g, and the entire supernatant was discarded. The remaining pelleted lysate was re-
suspended in 360 pL of buffer BR1 by vortexing and RNA was extracted following the
manufacturer’s protocol.

2.8 Circadian gene expression measurement by quantitative RT-PCR

Total RNA was first reverse-transcribed in a 20 .l reaction system, which contained MMLV
reverse transcriptase (Invitrogen., Carlsbad, CA), 1 mmol/l dNTPs, 40 U RNase inhibitor
(Amersham Pharmacia Biotech, Freiburg, Germany), and 300 ng oligo d(T) 12-18
(InVitroGen., Carlsbad, CA). The reaction was performed at 37 °C for 50 minutes, 70 °C for
15 minutes, and 4 °C for five minutes. Forward and reverse primers for the 10 circadian
genes and the HPRT1 control gene were designed in-house and chemically synthesized by
IDT (Supplemental Table 1). At least one primer in each pair was designed to cross an exon-
exon junction in order to reduce the potential for unintended DNA amplification. SYBR
Green RT-PCR was performed on a Stratagene MX3000P instrument (Stratagene) using
Power SYBR® Green PCR Master Mix (Applied Biosystems, Carlshad, California) with the
following conditions: 30 minutes at 50°C and 15 minutes at 95°C followed by 40 cycles of:
15s at 94°C, 30 seconds at 57°C, and 30 seconds at 72°C. Each gene-specific reaction was
run in duplicate, along with a no template negative control for each primer pair in order to
identify potential primer-dimer formation. Expression levels were obtained for each
circadian gene by calculating a delta cycle threshold (dCt) value for each gene relative to
levels of the HPRT1 control gene (dCt = Ctpr7; — Cleircadian gene)- Pre-pDLMO 2-dct
values were subtracted from post-pDLMO 2-9Ct values for each of the two weeks of sample
collection, and the values of these differences served as the basis for comparison for our
analytical model. Having the comparison between the differences between pre- and post-
pDLMO expression rather than raw values of expression allowed for the control of baseline
differences in expression between study subjects.
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2.9 Mood and stress questionnaires

As described previously [35], participants completed questionnaires to measure their
baseline mood and stress at the start of the study and on the evenings of each laboratory
session.

2.10 Statistical analyses

All analyses were conducted using the SAS® software package, version 9.1 (SAS Institute).
A repeated-measures, mixed-design analysis of variance (ANOVA) was used to compare
differences between pre- and post-pDLMO expression between study weeks and light
groups (“blue” light and “dim” light).

3. Results

3.1 Participant characteristics

Participants ranged in age from 18 to 30 years (mean + SD = 21.8 + 3.0) and included 12
men (48%) and 13 women (52%). Fourteen participants (56%) were non-Hispanic
Caucasian; five (20%) were Asian; four (16%) were Hispanic; one (4%) was African
American; and one (4%) was multiracial. Horne-Ostberg morningness-eveningness scores
ranged from 28-54; two participants were definite evening types, 10 were moderate evening
types, and 13 were neither types. The two light treatment groups did not differ in age, sex,
morningness-eveningness score, habitual bedtime and rise times, or baseline mood scores
(refer to previous publication by Sharkey, Carskadon et al.) [35].

3.2 Melatonin circadian phase estimates and relative blood collection times

As described in our previous study [35], the sleep advance intervention resulted in
significantly earlier times of salivary DLMO for both light groups. The average DLMO time
was 23:24 + 1:16 at the end of the baseline unscheduled week and 21:59 + 1:03 at the end of
the week on the fixed, advanced schedule, yielding an average DLMO phase advance of 1.4
+ 0.9 hours. In contrast, no significant differences in salivary DLMO were found between
light treatment groups. The average predicted DLMO time (23:07 + 0:40) closely matched
the average salivary DLMO time of week 1. Average pre-pDLMO and post-pDLMO blood
collection times for week 1 were 1.8 hours before salivary DLMO and 1.2 hours after
salivary DLMO, respectively. The average blood collection times for week 2 were 0.4 hours
before salivary DLMO and 2.6 hours after salivary DLMO.

3.3 Effects of advanced sleep schedules on circadian gene expression

We tested the impact of our advanced sleep/wake schedule intervention on circadian gene
expression patterns by using the repeated measures, mixed design ANOVA model. The
mean pre- and post-pDLMO expression levels in week 1 differed significantly from the
mean expression levels in week 2 for CRY1, CRYZ, and TIMELESS (P < 0.05), but not for
the other circadian genes between (see Table 1). In contrast, a significant effect of study
week x time of blood collection was found for expression of nine of the ten circadian genes
(CLOCK, CRY1, CRYZ2, CSNK1e, NPAS2, PER1, PER2, PER3, and TIMELESS, P<
0.01). Post-pDLMO expression of all ten circadian genes was diminished relative to pre-
pDLMO expression in week 1, while the opposite was true in week 2. As indicated by the
week x time interaction term, these differences between pre- and post-pDLMO expression
were significantly different between week 1 and week 2 for all circadian genes, with the
exception of BMAL. No main effect for blood collection times was found for expression of
any circadian gene (Table 1).
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3.4 Effects of blue light on circadian gene expression

We further tested the impact of the morning “blue” light intervention on circadian gene
expression by examining the interaction between light intervention group and study week
for gene expression. No differences between pre- and post-pDLMO expression levels were
found to be significantly different between light groups for any circadian gene (Table 1).
Circadian gene expression levels for both study weeks, both sampling times and both light
treatment groups are illustrated in Figure 2.

4. Discussion

Mammalian circadian oscillators occur in both central and peripheral tissues, and the
(suprachiasmatic nuclei) SCN are presumed to coordinate cyclic gene expression in the
periphery by neural and/or humoral signals [40-44]. Robust daily oscillations in gene
expression are seen in almost all investigated tissues [45]. Studies have shown that the peak
timing of clock gene expression in peripheral tissues is delayed by up to six hours with
respect to the phase of the SCN daily rhythm [46, 47], which suggests that the variation in
MRNA expression of circadian genes may be useful for assessing human circadian systems
[48].

In the current study, nine out of the 10 circadian genes tested exhibited changes in peripheral
blood expression patterns following adherence to a fixed, advanced sleep-activity schedule
for 6 consecutive days, independent of the morning light exposure intervention. Daily
patterns of light and dark promote entrainment of the master clock to the 24-hour solar day
which, in turn, provides timing cues to peripheral clocks. Expression changes of circadian
genes detected in peripheral blood after adherence to a strict advanced sleep/wake schedule
may reflect internal synchronization at the molecular level to the changed daily light/dark
pattern. Interestingly, our findings indicate that post-pDLMO expression was significantly
diminished relative to pre-pDLMO expression in week 1 for all circadian genes measured,
while the reverse pattern was observed in week 2 for all genes with the exception of BMAL.
Taken into context the 1.4 hour average phase advance in salivary DLMO at the end of week
2, this finding suggests that our observation window captured at least a segment of the
falling phase of expression in week 1 and a segment of the rising phase of expression in
week 2. Consistent with our observation, previous studies have found that PER genes exhibit
circadian expression patterns in human blood, and that the nadirs of PER1, PERZ, and PER3
expression roughly coincide with DLMO in peripheral blood mononuclear cells [27, 49, 50].
Furthermore, it has been demonstrated that DLMO in blood and saliva occur at
approximately the same circadian time [51].

The observation that PER gene expression patterns may shift in a manner consistent with
phase shifts in sleep/wake schedules has been previously noted [30, 52]. In contrast, the
finding that CLOCK, CRY1, CRYZ2, CSNK1E, NPASZ, and TIMELESS may respond to
sleep entrainment in a similar manner as that observed for PER has never been reported.
However, detailed information on the circadian rhythmicity of these genes, including
relative peak and nadir times, are lacking. To our knowledge, only one study has been
conducted to examine the circadian rhythmicity of CRY1, CRY2, CLOCK, and TIMELESS
in human peripheral blood, which failed to find statistically significant diurnal variation of
expression of CRY1, CRYZ, and TIMELESS in most of the subjects examined [28]. Of the
genes we investigated, only BMAL did not exhibit a change in expression pattern following
sleep/wake schedule advancement. One possible explanation is that BMAL expression may
exhibit only weak circadian patterns in peripheral blood leucocytes [29] and mononuclear
cells [28]. Thus, it is possible that our sampling window did not allow us to adequately
capture the subtle circadian rhythmicity characteristic of BMAL expression in peripheral
blood.
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Morning “blue” light exposure alone did not differentially alter the expression of circadian
genes in peripheral blood. This observation seems to stand in contrast to the findings of
previous studies, which observed measurable effects of blue light on CRYZ, BMAL [34],
PERZ2[31, 32], and PER3[53] expression. However, of these four studies, only one
examined the independent effect of morning blue light exposure, but in buccal mucosa and
not peripheral blood. Viewed in the context of our own results, this distinction raises the
possibility that blue light may affect circadian gene expression in a tissue-specific manner.
Perhaps more revealing, however, the Daysimeter did not report differences in overall daily
personal light/dark exposure patterns between the two light groups (data not shown),
suggesting that the effect of morning “blue” light exposure may have been masked by the
effects of light exposure events at other times of the day. Moreover, our findings are
consistent with our observation that a morning “blue” light exposure, on average, did not
produce a differentially larger DLMO phase advance than a morning “dim” light exposure
during the advanced sleep/wake schedule. Taken in the context of previous studies which
reported significant changes in both melatonin and circadian gene expression [31, 32, 34,
53], the concordance between melatonin and circadian gene responses suggests that the
mechanisms that govern the synchronization of both circadian components to blue light
stimulus may exist within the same biological pathway.

A potential methodological limitation is that our study was conducted primarily in a field
setting, which made it impossible for us to directly monitor participants for adherence to
prescribed sleep/wake schedules and light treatment protocols. However, noncompliance
with the prescribed protocols appears unlikely based on the data obtained from wrist
activity, Daysimeter light assessments, and laboratory voice mail recordings at bedtime and
wake time that helped confirm schedule compliance. We cannot rule out the possibility that
observed changes in circadian gene expression may stem from non-circadian fluctuations in
gene expression, given the relatively narrow sampling window. However, the clear
relationship with melatonin response, or the absence thereof, and expression change
suggests that this is unlikely to be the case. In addition, as light treatments were carried out
in conjunction with the sleep schedule advance intervention, it is impossible to isolate the
independent effects of the schedule advance from those that may have been introduced by
social cues associated with light treatment. Furthermore, in measuring clock gene
expression, we assumed 100% PCR amplification efficiency for both clock genes and the
HPRT1 control. Any empirical deviation from this assumption could have lead to erroneous
measures of expression, although the problem is somewhat alleviated by our use of similar
starting RNA concentrations.

In conclusion, our study demonstrated significant changes in expression of most of the best
characterized circadian genes following adherence to a strict, advanced sleep/wake schedule
in young adults, with or without morning “blue” light treatment. These results should be
cautiously interpreted given the relatively narrow sampling window. A wider sampling
window with more sampling times is needed to confirm whether clock gene phase angles
advanced in concert with DLMO. Nevertheless, our findings suggest that synchronization of
the peripheral circadian clock to even subtle changes in one’s sleep/wake schedule can result
in measureable changes in the patterns of circadian gene expression.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Sample protocol diagram
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At the end of the first, baseline week, two blood samples were drawn for gene expression
assessment at two times; the time of blood draws were individualized based upon each
participant’s advanced sleep/wake schedule. The first sample was obtained 1.5 hours before
the each participant’s predicted DLMO and the second three hours later, 1.5 hours after the
predicted DLMO. Following the advanced sleep/wake schedule of the second week, the two
blood samples were obtained at the same clock times as those at the end of the baseline

week.
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Figure 2. Circadian gene expression levels before and after sleep/wake schedule advance
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intervention, subdivided by “dim” light and “blue” light treatment groups

9 out of the 10 circadian genes tested exhibited changes in peripheral blood expression
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patterns following adherence to a fixed, advanced sleep-activity schedule, independent of
the morning light exposure intervention. No differences between pre- and post-pDLMO

expression levels were found to be significantly different between “blue” light and “dim”
light groups for any circadian gene.
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Phase advance and blue light treatment effects on circadian gene expression patterns

Table 1
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Gene

P, F 4t for Week 2v12

P, F 4 for Time of Blood

Collection?

P, Fyt for Week x Time@

P, F4; for Week x Light Group&

BMAL
CLOCK

CRY1

CRYZ2

CSNKl1e
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PER1

PER2

PER3

TIMELESS

0.4069, 0.70; g
0.9196, 0.01; 56
0.0433%4.28, 5,

0.042% 4,32, g
0.122, 2.46, 59

0.3770, 0.79; g
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0.1045, 2.72; g
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05150, 0.43, 5
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la\NiIk’s lambda P-value for within-subject comparisons

*
P<0.05

*ok
P<0.01
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