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INTRODUCTION

NIGHT SHIFT WORK HAS BEEN ASSOCIATED WITH A 
NUMBER OF NEGATIVE HEALTH OUTCOMES INCLUDING 
CARDIOVASCULAR AND GASTROINTESTINAL disease,1 
disturbances of the metabolic syndrome,2 reproductive difficulties 
including spontaneous abortion,3 and increased risk of cancer.4 The 
rapid reorientation in the sleep/wake schedule brought about by 
night shift work results in a misalignment between the output of 
the endogenous circadian pacemaker and the shifted schedule that 
generally persists despite consecutive shifts worked.5 Light is the 
primary synchronizer of the endogenous circadian pacemaker of 
the suprachiasmatic nucleus of the anterior hypothalamus (SCN), 
and careful control over light and darkness exposure throughout the 
day can promote a more appropriate temporal alignment between 
the circadian pacemaker and the sleep/wake schedule.6-9

The central circadian pacemaker of the SCN is comprised of 
neurons that demonstrate an intrinsic rhythmicity in their elec-
trical and metabolic activity.10 The characteristic activity of the 
SCN is dependant on the expression of auto-regulatory loops of 
so-called circadian clock genes including Clock, Bmal1, three Pe-
riod genes (Per 1, 2, 3), and two cryptochrome genes (Cry 1, 2), 
such that individual clock genes demonstrate a circadian rhythm 
in the levels of transcripts in SCN neurons.11 It has been dem-
onstrated that the rhythmic expression of circadian clock genes 
required for the intrinsic rhythmicity of the SCN is also present in 
non-SCN tissues.11-13 Clock gene expression in peripheral tissues 
is particularly of interest since it has been associated with ele-
ments of tissue function such as cytokine and cytolytic factor pro-
duction by NK cells,14,15 B cell maturation,16 adipogenesis,17 fatty 
acid metabolism in cardiomyocytes,18 bone formation,19 gluco-
corticoid synthesis,20 and regulation of the cell-cycle.21 However, 
despite the relative independence of peripheral clock function, it 
is currently held that the SCN coordinates the expression of cel-
lular rhythmicity across peripheral tissues.13,22-24 Evidence for the 
presence of functional peripheral circadian oscillators in humans 
has been recently reported. Rhythmic clock gene expression has 
been observed in human oral mucosa and skin samples25 and in 
peripheral blood mononuclear cells (PBMCs).11,26-29 Under con-
stant conditions, the expression of core clock genes HPER1 and 
HPER2 displays a significant circadian oscillation in PBMCs and 
peaks a few hours after that of plasma melatonin concentration.28

The aim of this simulated shift work experiment was to evalu-
ate the temporal relationship between clock gene expression 
in PBMCs and the shifted sleep/wake schedule in humans. In 
transgenic rats, the pattern of Per1-driven luminescence in the 
SCN rapidly demonstrates complete adaptation to shifts in the 
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light/darkness schedule such that the expected time of peak Per1 
expression occurs in its habitual temporal relationship with the 
shifted light/darkness schedule.12 However, the entrainment of 
peripheral oscillators in skeletal muscle or the liver tissue, for ex-
ample, does not necessarily occur as rapidly as in the SCN.12,30 In 
order to investigate the response of human peripheral oscillators 
to shifted schedules, this experiment took advantage of an inter-
vention based on a pattern of light and darkness exposure known 
to efficiently entrain centrally-driven circadian rhythms, such as 
plasma melatonin and cortisol, to night shifts.

MATERIALS AND METHODS

Subjects

Five candidates, 4 male and 1 female, all nonsmoking and 
drug-free (group mean age ± SD: 24.9 ± 4.8 yr) with normal BMI 
(23.4 ± 1.6 kg/m2) were certified to be in good mental and physi-
cal health and free of intrinsic sleep disorders following medical 
and psychological interviews. Each candidate gave informed con-
sent to their participation in this study approved by the Douglas 
Mental Health University Institute Research Ethics Board and 
within the ethical standards of the Declaration of Helsinki. Select-
ed candidates had no history of night shift work or travel across 
time zones in the three months preceding the study. The female 
participant had regular menses with an average cycle duration of 
32 ± 1 days. She entered the laboratory on the second day after 
the start of menses and the entire investigation took place within 
the follicular phase of her menstrual cycle. All experiments were 
performed in the months of July and August 2005.

Experimental Protocol

For 2 weeks before the start of the investigation, participants 
maintained stable sleep schedules including a single 8-hr night-
time sleep episode and restricting naps. The prestudy sleep sched-
ule was based on participants’ reported habitual sleep times and 
durations. For all participants, habitual sleep durations reported 
during the recruitment phase ranged between 8 and 9 hrs. The 
start and end of the sleep/darkness episode during the prestudy 
period were within (±SD) 0.4 ±0.5 hr and 0.6 ±0.6 hr of reported 
bed and wake times, respectively. The maintenance of a stable 
sleep/darkness schedule serves to reduce the variability in the 
expression of circadian markers.8 Participants recorded times in 
and out of bed in sleep/wake logs and left voice messages with 
the laboratory to confirm these times. Sleep/wake schedules were 
also verified using wrist actigraphy. Mean prestudy (baseline) re-
ported times in bed are shown in Table 1. During the prestudy 
period, mean sleep/darkness period lengths were within 10 min of 
the 8-hr target sleep/darkness period.

The experimental protocol for the 12-day investigation is 
shown in Figure 1. The first 6 days of the experiment took place 
in the time-free laboratory environment. After one night on their 
habitual sleep/wake schedules, subjects underwent a 9-day simu-
lated night shift work procedure. The sleep/wake schedule was 
delayed by 10 hrs relative to habitual sleep/wake times and was 
maintained for the remainder of the study. From the evening of 
experimental day 6 to the evening of experimental day 10, sub-
jects maintained the experimental conditions while at home. Sub-
jects were readmitted to the laboratory on experimental day 10.

On the day of laboratory admission, participants remained in 
ordinary indoor room light via ceiling-mounted banks of cool-
white fluorescent fixtures covered with lenses emitting less than 
1% radiant energy up to 400nm (4,100K Philips, Somerset, NJ, 
USA, and Sylvania, Danvers, MA, USA). In the laboratory, 
light intensity was measured in the angle of gaze with a research 
photometer (IL1400A, International Light, Newburyport, MA, 
USA). Given irradiance values were subsequently approximated 
for radiance of 400-700 nm from cool white fluorescent bulbs. 
Mean intensity in the angle of gaze ±SD, was 144 ±62 lux (~422 
±182 W/m2) during laboratory admission on experimental day 1. 
On experimental day 2 and thereafter, ambient light levels dur-
ing periods of wakefulness remained dim (6 ±3 lux; (~18 ±9 W/
m2) except when subjects were exposed to bright, polychromatic 
white light during their 8-hr simulated night shifts. Participants 
wore long sleeves and pants throughout the phototherapy period. 
During the period of bright light exposure, subjects were seated 
and were asked to center their gaze on a point on a wall for 10 of 
every 20 min (the “up” period).31 The angle of gaze was left unre-
stricted for the remaining 10 min of the 20-min lapse (the “down” 
period). Mean levels of light exposure measured in the angle of 
gaze during “up” periods were 6,036 ±728 lux; (~17,685 ±2,133 
W/m2). Mean light intensity during down periods was approxi-
mately 80% of mean intensities measured during “up” periods. 
Participants slept in darkness (~0.03 lux; < 0.1 W/m2).

During the ambulatory segment of the investigation, polychro-
matic white light was provided by portable lamps equipped with 
fluorescent bulbs covered with an ultraviolet filter throughout 
each 8-hr simulated night shift (Sunsquare 23″×24″, 5,000 K, 
Sunbox Company, Gaithersburg, MD, USA; maximum light in-
tensity measured with a research photometer at 50 cm is ~10,000 
lux, ~29,300 W/m2). During simulated night shifts, participants 
were asked to remain seated before the lamp at a designated work 
table for as much of the 8-hr period as possible. Mean levels of 
light exposure during phototherapy performed both in the labora-
tory and at home were 1,213 ±555 lux (~ 3,554 ±1,626 W/m2) 
as measured via wrist-mounted actigraphy (Actiwatch-L, Mini-
Mitter, Bend, OR). During simulated night shifts at home, par-

Table 1—Mean Prestudy Reported Times in Bed

 Baseline Night shift schedule
 Time in Time out Time in Time out
 bed of bed bed of bed
T01 23:25 7:30 9:30 17:28
T02 22:01 6:04 8:05 16:05
T04 00:00 8:01 10:02 18:06
T05 23:26 7:29 9:29 17:36
T06 23:58 8:08 ― ―

Mean times in and out of bed reported in sleep/wake logs for each 
participant. During the baseline (pre-study) period, subjects main-
tained a habitual day-oriented sleep/wake schedule prior to their ad-
mission to the laboratory. Each maintained an 8-hr sleep/darkness 
period that was based on their reported habitual bed and wake times. 
During the ambulatory phase of the investigation (experimental days 
6-10), participants continued to maintain the night-oriented schedule 
by remaining awake at night and sleeping during the day while at 
home. Subject T06 did not participate in the last segment of the in-
vestigation (experimental days 6-12).

Molecular Clock Expression During Night Work—James et al
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ticipants left messages with the laboratory voicemail to confirm 
their compliance with the ambulatory protocol every 30 min. Par-
ticipants slept in their own bedrooms, darkened by research staff, 
and reduced their exposure to morning light in the 2 hrs preceding 
sleep/darkness by wearing sunglasses with 5% visual light trans-
mission (neutral gray filter, North, Tornado, T57005GRYM, The 
Litebook Company, Medicine Hat, AB). Participants were also 
asked to wear their sunglasses when outdoors during evening 
hours before sunset. The maintenance of sleep/darkness schedules 
was verified by sleep/wake logs, regular telephone calls to the 
laboratory and wrist-actigraphy monitoring. During this ambula-
tory segment, participants reported sleep/darkness periods within 
10 min of the 8-hr target period length (Table 1).

Light data was sampled throughout the investigation—includ-
ing the prestudy period—via wrist-mounted actigraphy with light 
sensor. The 24-hr pattern of light exposure for the group of par-
ticipants is shown in Figure 2. For every day of sampling, data 
from each individual were aligned to the end of the sleep/dark-
ness period and averaged into 30-min bins. Binned data were then 

averaged across subjects. The mean pattern of light exposure on 
a day-oriented schedule was based on data collected during the 
prestudy period and the first day in the laboratory. Actigraphy 
light sensor data collected both during the laboratory and ambu-
latory segments of the study were included in means created for 
the night work schedule.

Meal times were standardized during the prestudy period and 
throughout the study, including the ambulatory segment. Subjects 
took breakfast 30 min after awakening, lunch 5 hrs after awaken-
ing, dinner 11 hrs after awakening, and an evening snack 13.5 hrs 
after awakening.

Circadian Phase Assessment

The expression of markers of the endogenous circadian pace-
maker and of clock genes in PBMCs were measured by 24-hr 
blood sampling sessions performed in the laboratory before the 
start of simulated night shifts (experimental day 2), after 3 days on 
the shifted schedule (experimental days 5-6), and at the end of the 
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Figure 1—Experimental protocol and mean shifts in circadian markers.
A: The 12-day experimental protocol is described in the Methods section. Successive experimental days are shown along the vertical axis and time is 
shown on the horizontal axis. Scheduled sleep/darkness periods are shown as black rectangles. For illustrative purposes, bedtimes for nighttime and 
daytime sleep episodes were assigned relative clock times of 00:00 and 10:00, respectively. Periods of bright light exposure during simulated night 
shifts both in the laboratory and during the ambulatory phase of the study are shown as open bars with sun symbols. The expression of markers of 
the endogenous circadian pacemaker and of clock gene in PBMCs were measured from 24-hr blood sampling sessions performed before the start of 
simulated night shifts (experimental day 2), after three days on the shifted schedule (experimental days 5-6), and at the end of the shifted schedule 
(experimental days 11-12). Blood sampling periods are shown as horizontal lines overlaid on the protocol. B-F: For each individual, the mean phase 
of each marker is shown relative to night or daytime sleep/darkness periods (hatched boxes representing night and day sleep episodes). Group mean 
phase angles are shown in decimal hrs ±SEM and demonstrate the relationship between the sleep/wake schedule and circadian phase. One subject did 
not participate in the final evaluation, thus results of this evaluation are given for n=4 subjects, while n=5 for the first two evaluations.
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shifted schedule (experimental days 11-12). Each sampling period 
included a 16-hr constant posture (CP) period of limited activity 
where participants maintained a semi-recumbent posture in bed. 
Meals were replaced by hourly, nutritionally balanced snacks.

Circadian phase assessment for markers of the central pace-
maker (plasma cortisol and melatonin) and peripheral oscillators 
(clock gene expression in PBMCs) were performed by repeated 
hourly blood sampling via an indwelling catheter. Circadian phase 
of the plasma melatonin rhythm was defined from hourly whole 

blood samples as the midpoint between the upward and down-
ward crossing of the 24-hr average of plasma melatonin concen-
tration.6 The phase of the cortisol rhythm was defined as the time 
of the fitted maximum of cortisol concentration, based on a single 
harmonic regression applied to hourly sampling data.7

Peripheral blood mononuclear cells were isolated from whole 
blood samples drawn every ~120 min on a density gradient (His-
topaque-1077, Sigma-Aldrich Canada, Oakville, ON, Canada) 
and stored at -80°C in Trizol reagent (Invitrogen Canada, Burl-
ington, ON, Canada). RNA was extracted and reverse transcribed 
using MultiScribe Reverse Transcriptase (Applied Biosystems, 
Foster City, CA, USA). Quantification of clock gene expression 
was performed by real-time PCR using SYBR Green chemistry 
(Applied Biosystems, Foster City, CA, USA). The expression of 
clock genes HPER1, HPER2, HBMAL1 was described relative to 
the expression of HCDK4 28 using the following primers:

HPER1
Forward: 5’-TGGCTATCCACAAGAAGATTC-3’
Reverse: 5’-GGTCAAAGGGCTGGCCCG-3’
HPER2
Forward: 5’-GGCCATCCACAAAAAGATCCTGC-3’
Reverse: 5’-GAAACCGAATGGGAGAATAGTCG-3’
HBMAL1
Forward: 5’-GGCTCATAGATGCAAAAACTGG-3’
Reverse: 5’-CTCCAGAACATAATCGAGATGG-3’
HCDK4
Forward: 5’-ATCCCAATGTTGTCCGGCTG-3’
Reverse: 5’-TGATCTCCCGGTCAGTTCGG-3’

Fold change in gene expression of each clock gene for each sam-
ple was determined using the 2-∆∆C

T calculation to quantify levels of 
gene expression relative to the internal control, and then expressed 
as a proportion of the maximum for each 24-hr blood sampling 
evaluation. A statistically significant circadian oscillation was ob-
served where the 95% confidence interval for the amplitude of the 
expression estimated by a dual-harmonic regression analysis with a 
period search of 23-26 hr32 did not include the zero value.28 The am-
plitude of expression was defined as the mean-to-trough difference 
of the first harmonic of the regression.33 All data points collected 
were included in the regression analyses performed for each indi-
vidual. The phase of clock gene expression in PBMCs was defined 
as the time of fitted maximum of expression.

To demonstrate the relationship between the sleep/wake sched-
ule and circadian phase in central and peripheral markers, phase 
angles were calculated as: (end of scheduled sleep/darkness pe-
riod) – (circadian phase) for each individual. Thus, positive and 
negative phase angles indicate that the measured phase of the cir-
cadian marker occurred before and after the end of the scheduled 
sleep/darkness period, respectively.

For each laboratory evaluation, we also determined a profile for 
the expression of each circadian marker across a total of 6 wake or 
sleep bins corresponding to the 24-hr day. Individual data were first 
aligned to the habitual time of the end of the planned sleep/dark 
period, and each data point was assigned to a 4-hr bin representing 
Wake (W1-W4) or Sleep (S1-S2) periods throughout the 24-hr day, 
data were averaged per bin per subject, and then averaged across all 
subjects. The width of the analysis bin was selected to provide the 
greatest resolution while permitting individuals to equally contrib-
ute to each analysis bin despite occasional missed samples. Two-
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Figure 2—Pattern of light exposure during pre-study period and 
simulated night shifts:
Light intensity data (in lux) was collected via wrist-mounted actigra-
phy with light sensor during the laboratory and ambulatory segments 
of the investigation. Irradiance values, approximated for radiation 
of 400-700 nm from cool-white fluorescent bulbs, are given along 
the right y-axis. For each individual, data were aligned relative to 
the end of the sleep/darkness period and averaged into 30-min bins 
before creating a group mean (shown here as ±SEM). On the lower 
x-axis, the start of the sleep/darkness episode is assigned a relative 
clock time of midnight. Light intensity data collected while partici-
pants maintained a day-oriented schedule are shown as closed sym-
bols. Light intensity data collected while participants maintained 
the shifted sleep/wake schedule are shown as open symbols. Data 
were corrected for use of sunglasses as reported by participants in 
experimental logs during the ambulatory segment of the study. On 
the upper x-axis, the initiation of the daytime sleep/darkness episode 
is assigned a relative clock time of 10:00. The 8-hr sleep/darkness 
episode is shown as a hatched rectangle.
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factor ANOVA for repeated measures (time-of-day and sampling 
session) were performed on binned values.

Results are expressed as mean ± SEM.

RESULTS

The midpoint of melatonin expression occurred 3.3 ±0.2, and 
3.2 ±0.3 hrs before the end of the planned sleep/dark period in 
the baseline and final evaluations, respectively (Figure 1). Dur-
ing these blood sampling sessions, the fitted maximum of cortisol 
occurred 3.1 ±0.6, and 3.5 ±0.7 hr after the end of the sleep/dark-
ness period, respectively. The alignment of melatonin and corti-
sol rhythms with the sleep/wake cycle were comparable in the 
baseline and final evaluations (t-test, P = 0.7, and P = 0.9, re-
spectively). As observed in night shift workers receiving a similar 
intervention,6,7 these markers displayed an appropriate alignment 
to the sleep/wake cycle in night and daytime sleep schedules (Fig-
ures 3 and 4).

Central and peripheral clock markers are shown for each individ-
ual in Figure 3. Fitted parameters of clock gene expression for each 
individual are summarized in Table 2. During the baseline evalua-
tion, the time of fitted maximum of HPER1, HPER2 and HBMAL1 
occurred at 2.9 ±3.3, 8.0 ±2.6, and 10.2 ±0.5 hr after the scheduled 
end of the sleep/darkness period, respectively. At the end of 9 days 
on the shifted sleep/wake schedule, the fitted peak of HPER1 and 
HPER2 expression occurred 5.6 ±2.7 and 0.7 ±0.7 after the end of 
the sleep/darkness period, respectively. The fitted peak of HBMAL1 
expression occurred 9.4 ±4.3 before (or 14.6 ±4.3 hr after) the end 
of the planned sleep/darkness period. No statistically significant 

difference was detected in the alignment of HPER1 and HPER2 
maxima relative to the sleep/wake schedule between the initial and 
final conditions (t-test, P = 0.6 and P = 0.2, respectively), although 
these phase angles were more variable than those calculated for 
hormonal rhythms, such that a reliable phase shift could not be cal-
culated. The alignment of HBMAL1 expression tended to differ in 
the initial and final conditions (P = 0.07).

The analysis of circadian markers throughout wake and sleep 
periods is shown in Figure 4. ANOVA for repeated measures per-
formed on daily rhythms for all 3 blood sampling sessions re-
vealed a significant time of day x blood sampling session interac-
tion for melatonin (F10,55 = 2.40, P = 0.02), and a significant effect 
of time of day for cortisol (F5,55 = 50.01, P <0.0001). No statisti-
cally significant effects or interactions were detected by ANOVA 
for HPER1. A significant time of day x blood sampling session 
interaction was detected for HPER2 rhythms (F10,55 = 2.99, P = 
0.004) where simple main effects analyses revealed a significant 
effect of time of day at the final blood sampling session (P = 
0.001). A significant interaction was also detected for HBMAL1 
(F10,55 = 3.34, P = 0.002, respectively), where simple main effects 
analyses revealed a significant effect of time of day at the first 
blood sampling session (P = 0.0006).

DISCUSSION

This study has demonstrated clock gene expression in a con-
ventional relationship with a shifted sleep/wake schedule follow-
ing an intervention known to entrain endogenous melatonin and 
cortisol rhythms. The time, duration, and intensity of our light/

Table 2—Fitted Parameters of Clock Gene Expression for Individual Participants

 BS1 (Baseline) BS2 (Night shift) BS3 (Night shift)
 amplitude Ψwake amplitude Ψwake amplitude Ψwake
HPER1
 T01 *0.298 6.3 *0.132 -1.5 *0.170 0.1
 T02 *0.102 -1.0 0.022 8.6 0.103 -10.6
 T04 0.063 0.9 0.174 -1.3 *0.232 -2.2
 T05 0.040 -9.2 0.124 -1.8 *0.309 -9.6
 T06 *0.336 -11.3 *0.218 4.6 — —
HPER2
 T01 0.049 -13.5 *0.257 -1.1 *0.155 0.9
 T02 *0.212 1.8 0.083 -2.5 *0.261 -1.3
 T04 0.112 -9.8 *0.150 -1.4 *0.188 -2.4
 T05 *0.178 -9.1 *0.130 3.8 *0.121 0
 T06 *0.227 -9.4 *0.183 6.6 — —
HBMAL1
 T01 *0.105 -11.9 *0.274 -1.3 *0.174 12.0
 T02 *0.255 -10.7 *0.230 7.2 *0.248 -2.9
 T04 *0.286 -9.9 *0.295 -0.6 *0.272 17.5
 T05 *0.122 -9.2 0.130 -0.8 *0.153 10.8
 T06 *0.284 -9.3 *0.215 8.2 — —

Regression analyses were performed on individual profiles of HPER1, HPER2 and HBMAL1 to determine fitted amplitude and circadian phase 
(time of fitted maximum expression). The relationship between circadian phase of clock gene expression and the sleep/wake cycle is given as a 
phase angle (Ψwake, in hrs) calculated as: [end of the sleep/darkness period – circadian phase of clock gene expression]. Thus, negative phase angles 
indicate that circadian phase occurred after the end of the sleep/darkness episode. Positive phase angles indicate that circadian phase occurred 
before the end of the sleep/darkness episode. Three 24-hr blood sampling sessions were performed before the start of simulated night shifts (ex-
perimental day 2; BS1), after three days on the night shift work shifted schedule with daytime sleep/darkness (experimental days 5-6; BS2), and 
at the end of the shifted schedule with daytime sleep/darkness (experimental days 11-12; BS3). Subject T06, did not participate in the final blood 
sampling session. Statistically significant amplitudes (i.e., 95% confidence interval does not include zero) are indicated with an asterisk (*).
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days 5-6), and at the end of the shifted schedule (shift 2; experimental days 11-12).
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darkness intervention were expected to promote rapid and large 
phase delays in the expression of the central circadian pacemak-
er.34 Intersubject variability in HPER1 and HPER2 expression at 
baseline resulted in little rhythmicity in the group mean (Figure 
4). However, as of 3 days on the night shift schedule the pattern 
of clock gene expression began to adapt to the shifted sleep/wake 
schedule. By the final assessment, the alignment of clock gene ex-
pression rhythms was similar to those reported for day-active sub-
jects (Figure 4). Specifically, group means of HPER1 and HPER2 
expression demonstrated clear rhythmicity throughout the day, 
and both reached maximal levels in the early hrs of the scheduled 
wake period. This observation is in line with what has previously 
been described for the pattern of HPER1 and HPER2 expres-
sion in PBMCs under constant conditions and in the presence of 
a habitual sleep/wake schedule.27-29 Conversely, the group mean 
pattern of HBMAL1 expression demonstrated rhythmic changes 
throughout the day at baseline and was more variable at the end 
of the experiment although the fitted peak of HBMAL1 expression 
occurred late in the scheduled wake period as we would expect.11

These novel, preliminary results point out two important as-
pects of the expression of clock genes in peripheral blood cells: the 
interindividual variability and the potential adaptability to shifted 
schedules. The interindividual variability in phase of clock gene 
expression we observed, and as demonstrated in Figure 3, was 
present despite tightly controlled behavioral and environmental 
conditions. Such variability has been reported in the period32 and 
phase26 of clock gene expression in human peripheral oscillators, 
although no single factor has been identified as the source of the 
observed differences. Clock gene mutations and polymorphisms 
may contribute to diurnal preference,35 sleep regulation,36 as well 
as certain sleep/wake disorders.37 An observed segregation in the 
times of peak HBMAL1 and HPER2 expression in PBMCs has 
been attributed to the existence of molecular phenotypes that 
may in turn explain the heterogeneity in clock gene expression.26 
Although none of our participants demonstrated extreme diur-
nal preferences, we cannot determine the extent to which these 
factors contributed to the variability we observed in the initial 
condition.
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Figure 4—Expression of circadian markers throughout the sleep/wake cycle.
Four-hr bins for Wake (W1-W4) or Sleep (S1-S2) represent the 24-hr day. For each clock gene evaluation, the fraction of individuals for whom a 
significant circadian amplitude of expression was detected is shown in the upper left corner of each cell. One subject did not participate in the final 
evaluation, thus results for this evaluation are given for n=4 subjects.
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Delay in central clock markers of melatonin and cortisol were 
coherent with the 10-hr shift in the sleep/wake cycle. The calcula-
tion of mean phase shifts for peripheral markers based on variable 
initial phases would be misleading in this small group and we can-
not reliably confirm the direction of phase shifts we observe. Type 
zero-like resetting of Bmal1 expression has been described for in 
vitro cultures of mouse fibroblasts following serum shock with 
dexamethasone.38 If this type of resetting is possible in human 
PBMCs in vivo, then this may explain the apparently large phase 
shifts observed in certain individuals as of the second blood sam-
pling session. Moreover, anti-dromic resetting can be suspected in 
certain individuals. Differences between the changes in patterns 
of HPER1, HPER2 and HBMAL1 over the 3 blood sampling ses-
sions may suggest that individual clock components have distinct 
modes for entrainment.

Disparity in the entrainment of participants’ central clock to the 
sleep/wake cycle at the start of the investigation is not likely to 
be a major contributor to the interindividual variability in clock 
gene expression. In the prestudy period, participants were placed 
on sleep/darkness schedules that were comparable to their reported 
habitual bedtimes. The intersubject variability in the phase angles 
of central clock markers was modest at the start and end of the ex-
periment: initial and final standard deviations calculated for mela-
tonin phase angles were both 0.5 hr, while standard deviations cal-
culated for cortisol phase angles were 1.4 and 1.3 hr, respectively. 
As demonstrated in Figure S1 (available as supplementary material 
on www.journalsleep.org), interindividual variability in the phase 
of clock gene expression in PBMCs remains present when phase 
is replotted as a function of circadian phase of melatonin or cor-
tisol. Nevertheless, our analysis of peripheral clock markers and 
their relationship to the sleep/wake schedule makes it apparent that 
individual patterns of HPER1 and HPER2 expression peak near the 
shifted time of awakening in the final condition, and are in a tempo-
ral alignment reminiscent of previously published observations,27-29 
thus suggesting an entrainment to the night-oriented schedule. This 
strongly suggests that the experimental procedure improved the 
synchronization of clock gene expression to the shifted schedule, 
both among PBMC populations and between subjects.

There is evidence to suggest that the light/dark cycle may affect 
peripheral clock gene expression in human and nonhuman mam-
mals. In rodents, the pattern of light exposure has been shown to af-
fect the expression of clock genes in the SCN and in peripheral os-
cillators. However, the time required for phase shifts in extra-SCN 
oscillators may be longer and associated with a temporary internal 
desynchrony.12 In jaundiced neonates with covered eyes, blue light 
therapy appears to reduce mean HBMAL1 expression in PBMCs 
when samples collected before and after light exposure are com-
pared.39 In healthy adults, blue light that suppresses plasma melato-
nin concentration was reported to induce HPER2 expression in oral 
mucosa samples during a 2-hr exposure.40 The specific wavelength 
used led the authors to suggest that the effects on HPER2 are medi-
ated via the SCN. While a number of different tissue-specific sig-
nals may entrain peripheral oscillators,41 the mechanisms by which 
the SCN coordinates clock gene expression in peripheral tissues are 
currently under investigation. Cross-correlation analyses performed 
on central and peripheral markers in the present study detected no 
consistent and significant relationship between the resetting of cor-
tisol or melatonin rhythms and clock gene expression in PBMCs. 
Interestingly, a number of experiments suggest that glucocorticoids 
may play a role in the communication between the SCN and pe-

ripheral oscillators in vivo.42 Indeed, HPER1 is induced in human 
PBMCs sampled following prednisolone therapy.43 Changes in ro-
dent feeding schedules may shift the oscillation of peripheral clocks 
without shifting SCN-driven rhythms,44 and there may be an inter-
action between photic and nonphotic resetting factors on peripheral 
clock gene expression.30 We cannot determine from our experiment 
the specific contributions of the shifted sleep/wake schedule, the 
meal schedule and the schedule of light/darkness exposure on clock 
gene expression. It is tempting to suggest that in the presence of the 
light intervention, an SCN-directed entrainment signal was power-
ful enough to both reduce interindividual differences contributing 
to the variability observed in the baseline conditions and entrain 
clock gene expression to the shifted sleep/wake schedule. Indeed, 
the 24-hr patterns of light exposure in the prestudy period and dur-
ing the investigation (Figure 2) confirm that participants were more 
often exposed to bright levels of light during the simulated night 
shift experiment. If the strength of the Zeitgeber to the central clock 
affects the expression of peripheral clocks, then the weaker light 
stimulus received in the prestudy period could explain the greater 
interindividual variability in peripheral clock markers at the start of 
the investigation. Moreover, the greater interindividual variability 
observed in peripheral clock markers compared to melatonin and 
cortisol phase suggests that the factors known to entrain the central 
clock would entrain peripheral clocks in PBMCs more weakly. Fu-
ture studies will be required to partial out the nature of synchroniz-
ers of peripheral circadian oscillators, and to quantify their relative 
strength.

Despite the small number of individuals included in this report, 
the results of the present study have important practical implica-
tions for understanding the medical disorders affecting night shift 
workers. Namely, there exists evidence to suggest that the mo-
lecular clock may significantly affect tissue function and interact 
with the regulation of the cell cycle and tumorigenesis.11,21 Cancer-
ous cells may also demonstrate abnormalities in circadian clock 
genes.11,45 In light of recent evidence associating increased risk of 
certain cancers with night shift work,11 our results demonstrate that 
circadian adaptation to night shift work may be advantageous on 
a fundamental level. As discussed, there is also evidence to indi-
cate that functional peripheral circadian oscillators are important in 
the tissue function such as in the cardiovascular system.18 Thus, a 
crucial step in reducing the health problems associated with night 
shift work will be to fully understand the regulation of central and 
peripheral circadian oscillators in humans.
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Supplemental Figure: Circadian Rhythms of Melatonin, Cortisol, and Clock Gene Expression During Simulated Night Shift Work.

Figure S1—The expression of central and peripheral clock markers relative to the circadian phase of (A) melatonin and (B) cortisol.  For 
each individual, the fitted phase HPER1, HPER2 and HBMAL1 at each of three 24-hr blood sampling sessions (BS1, BS2, BS3) is shown relative 
to the expression of a central clock marker (melatonin in upper panels; cortisol in lower panels). Each point represents a phase angle calculated 
between the phase of the central (melatonin or cortisol) and peripheral clock markers.  (Phase angle = [Phaseperipheral] – [Phasecentral]). Positive values 
indicate that the phase of the peripheral marker occurred afterthe phase of the of the central clock marker; negative values indicate that phase of 
the peripheral marker occurred before that of the central marker. Means for the group are shown in each panel ± SEM.  The phase of central clock 
marker was assigned a value of zero.
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