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Modulating light level patterns reduces
rest/activity disruption associated with

shiftwork
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Long-term exposure to nonstandard work schedules can result in circadian misalignment, which has
been linked to a series of maladies. To test whether modulating light patterns reduces shiftwork-

induced rest/activity disruptions, 30 male C57BL/6 J mice individually housed in cages outfitted with
running wheels were exposed to 6 simulated shiftwork light interventions. Mice experiencing high light
levels during shiftwork exhibited a significant decrease in activity compared to low light levels during
shiftwork and a conventional 12 L:12D condition, indicating circadian misalignment. In contrast, mice
experiencing shiftwork in darkness combined with either modulated evening light pulses or circadian
blind, vision-permissive light showed similar levels of rest/activity compared to a 12 L:12D condition,
with phasor analysis indicating that their 24-h circadian rest/activity patterns were not misaligned. The
results show that exposure to light that permits visibility but is below activation of the circadian system

during shiftwork can prevent circadian misalignment.

Circadian rhythms are generated by the master biological clock in the
suprachiasmatic nuclei (SCN) in the brain’s hypothalamus, which regulate
the timing of behavioral and physiological rhythms such as the sleep/wake
cycle, hormone production, and body temperature. The SCN receive photic
input from the retina to entrain the circadian system to the environmental
light/dark pattern’, thus maintaining synchrony between the body’s
behavioral and physiological rhythms and the external environment ™.
Disruption of this synchrony, which can occur among those whose activity
schedules and light exposures do not align with their natural biological
rhythms (e.g., healthcare professionals, service and industrial sector work-
ers), has been associated with a host of health problems, including various
cancers, insulin resistance, type 2 diabetes, and atherosclerotic vascular
disease”". Given that 16% of the United States labor force follows a shifted
work schedule”, it is important to further understand how circadian mis-
alignment can impact one’s health and to find ways to mitigate its harmful
effects.

Because the mammalian endogenous circadian period free runs at a
period that slightly varies from the 24-h solar day in the absence of exo-
genous stimuli”"”*, the master clock needs to be advanced or delayed by

photic stimulus in the beginning of a species’ biological day (active period) to
maintain circadian entrainment™. In humans, light exposures during the
biological night (inactive period), conversely, can lead to circadian
misalignment™”. Our previous research demonstrated that higher light
levels are required for circadian system activation than are required for
vision®>*, Using a paradigm of changes in lighting conditions for the last
four days of the week to mimic what a rotating shift worker would
experience (working 3-4 nights per week), we also have previously
found that, as in human shift workers, mice develop adipose
hypertrophy, insulin resistance, glucose intolerance, and accelerated
atherosclerosis with unstable plaque phenotypes'®***~*’. The present
study employed a similar lighting pattern in mouse models to test our
hypothesis that performing shiftwork under circadian blind, vision-
permissive (CBVP) light conditions would help protect against cir-
cadian misalignment. To achieve this aim, we employed a lower light
level during shiftwork that was vision-permissive but below the
threshold for the circadian system response of mice, while also taking
into account that the mouse circadian system is more sensitive to
optical radiation than the human circadian system>>***’.
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To test our hypothesis, we monitored the rest/activity patterns of mice
under 6 light interventions that simulated various forms of shiftwork (SW),
including the CBVP shiftwork intervention, all compared to a conventional
12 h light:12 h dark (12 L:12D) day shift control condition. These 6 weekly
interventions delivered a conventional day shift (DS) 12 L:12D light schedule
for 3days (Monday through Wednesday) followed by 4 days (Thursday
through Sunday) of either an inverted 12D:12 L pattern or a 12D:12D pat-
tern. The 3 interventions concluding the week with the inverted 12D:12 L
pattern provided light at three photoperiod strengths: high (SW+highL), low
(SW-+lowlL), and circadian blind, vision-permissive dim (SW + CBVP),
which were used to test the impact of different light strengths during the shift
on rest/activity patterns. The 3 interventions concluding the week with the
12D:12D pattern provided darkness only (shiftwork in darkness [SWD]),
darkness with a 30-min morning pulse (SWD+AMpulse), and darkness
with a 30-min evening pulse (SWD+PMpulse). These latter interventions
were used to test the impact of remaining in darkness during the shift on
rest/activity patterns. The addition of a morning or evening pulse was
designed to avoid free running from exposure to constant darkness.

Phasor analysis was used to assess the strength of association between
light exposure and locomotor behavior by calculating the degree to which
the mice’s daily rest/activity rhythm aligned with their daily pattern of

exposures to light (L) and dark (D)’ Additionally, weekly activity by
light/dark cycle during biological rest (periods of lights on) and biological
activity (periods of lights off) was calculated for each experimental condi-
tion, again compared to the pre-intervention 12 L:12D (DS) condition that
served as the experimental control.

Results

Shiftwork with high light levels (SW+highL) exacerbates circa-
dian misalignment

Mice in the SW-+highL intervention showed a significant decrease in weekly
total activity by the 4th week of the intervention compared to both the pre-
intervention DS control condition (a decrease of ~45%; p < 0.05) and to the
SW+lowL intervention (a decrease of ~42%; p < 0.01) (Fig. 1a). There was
no significant difference between the SW-+lowL group and the pre-inter-
vention, DS control group (Fig. 1a).

In addition, there were significant differences between weekly total
activity in the light and weekly total activity in the dark observed during the
pre- and post-intervention weeks, when mice were under regular day shift
(DS) schedules (Fig. 1b, c). By contrast, there were no significant differences
between weekly total activity in the light and weekly total activity in the dark
during the intervention weeks (Fig. 1b, ¢). This difference was lost as early as
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Fig. 1 | Weekly total activity and dark/light activity ratio, as measured through
wheel running activity. a Comparison of weekly total activity between day shift

(DS), shiftwork with high light level (SW-+highL), and shiftwork with low light level
(SW+lowL) conditions. b Comparison of weekly total activity between the light and
dark phase for the SW-+lowL intervention over the pre-intervention week (DS), the 4
intervention weeks, and the post-intervention week (DS). ¢ Comparison of weekly

total activity between the light and dark phase for the SW+highL intervention over
the pre-intervention week (DS), the 4 intervention weeks, and the post-intervention
week (DS). d Comparison of dark/light activity ratio between DS, SW+highL, and
SW+lowL interventions. Statistical significance: * p < 0.05, ** p < 0.01, ****

P <0.0001. Notes: T pre-intervention (average of two weeks), + post-intervention
(1 week).
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Fig. 2 | Weekly phasor angle and magnitude in mice experiencing the shiftwork with high light level (SW-+highL) and shiftwork with low light level (SW+lowL)

interventions. Note: The pre-intervention data represent an average of two weeks.

the first week of the intervention in both the SW+highL and the SW+lowL
groups (Fig. 1b, ¢). This is also demonstrated by a significant reduction
(p<0.05) in the dark/light activity ratio during the intervention weeks
compared to the DS control condition (Fig. 1d). Weekly total activity levels
recovered in the post-intervention period, although they did not fully return
to pre-intervention, DS control condition levels.

Mice displayed large weekly phasor magnitudes during the DS control
condition (pre-intervention), suggesting a high degree of correlation between
light/dark and rest/activity patterns (Fig. 2). As shown by their phasor angles,
mice in the DS control condition exhibited a higher proportion of activity
near the offset of light exposure rather than the onset of light exposure, which
reflects the animal’s anticipation of the active, dark phase. In both the SW
+highL and SW+lowL interventions, we observed a substantial reduction in
phasor magnitude as early as the first week of the intervention. This
reduction in phasor magnitude suggests that light-associated circadian
locomotor activity, as characterized by the correlation between light/dark
and rest/activity patterns, is reduced. Variations in phasor angle on a weekly
basis during the SW+highL and SW-HowL interventions suggest the tem-
poral relationship between the start and end of the activity/rest and the start
and end of the light/dark period was disrupted. Both phasor magnitude and
angle recovered in the post-intervention period, although they did not fully
return to pre-intervention, DS control condition levels.

Total darkness with modulated evening pulses of light during
shiftwork preserves strength of association between light-dark
and rest-activity patterns

Overall, mice experiencing the SWD intervention did not have a significant
decrease in weekly total activity (Fig. 3a). Mice experiencing the SWD
+PMpulse intervention exhibited weekly total activity similar to the mice in
the DS control and SWD conditions (Fig. 3a). Mice experiencing the SWD
+AMpulse intervention, however, had significantly lower (p < 0.05) weekly
total activity than mice in the SWD and SWD + PM pulse groups. Indeed,
when looking at each intervention week separately, the weekly total activity
in the light and weekly total activity in the dark during the SWD+AMpulse
intervention (Fig. 3¢) exhibited greater reductions than during the SWD and
SWD+PMpulse interventions (Fig. 3b, d).

Although the dark/light activity ratio in the SWD intervention was
higher than in the SWD+AMpulse, SWD+PMpulse, and the DS control
conditions, the differences were not statistically significant (Fig. 3e). There
were also no significant changes in phasor angle or magnitude between the
groups (Fig. 4).

The SW + CBVP intervention prevented shiftwork-induced cir-
cadian disruption

Mice experiencing the SW + CBVP intervention did not show significant
differences in weekly total activity, dark/light activity ratio, or weekly total

activity in the light and total activity in the dark over the course of the
intervention weeks compared to the DS control week (Fig. 5). Weekly
phasor angle and phasor magnitudes in mice experiencing the SW + CBVP
intervention were not significantly different from those experiencing the DS
control condition (Fig. 6).

Discussion

In the present study, we tested a novel lighting intervention designed to
mimic a lighting condition that we hypothesized would avoid circadian
disruption while still maintaining visibility in the shiftwork population. We
used a shiftwork paradigm where animals experienced a 12 L:12D (i.e., day
shift [DS]) schedule from Monday to Wednesday, after which we shifted
their light/dark pattern by 12 h until Monday and returned the animals to a
DS schedule. This schedule was designed to mimic what a rotating shift
worker would experience (working 3-4 nights per week). We were able to
replicate previous data showing that this shiftwork paradigm leads to light-
induced rest/activity rhythms disruption as exemplified by an increase in
activity during the light period, a reduction in the dark/light activity ratio, a
reduction in weekly total activity in the light and weekly total activity in the
dark, and a reduction in phasor magnitude (a measure of the strength of
association between light and circadian locomotor activity)™.

We also expanded on previous work'** by showing that modulating
light levels during a shiftwork schedule reduces rest/activity disruption
associated with rotating shifts. Indeed, simply changing the light level during
the biological night from 251x to 12 Ix resulted in a significantly reduced
change in light-induced rest/activity rhythms. More importantly, we
showed that exposing animals to circadian blind, vision-permissive light
(0.05Ix) during their biological night (i.e., the SW + CBVP intervention)
maintained rest/activity rhythms similar to a 12 L:12D DS schedule.

One obvious way to mitigate the negative effects of light exposure
during shiftwork schedules is to maintain darkness during the shiftwork
period. We explored the use of total darkness during the biological night
over all the weeks when mice were subjected to the shiftwork paradigm.
Each week was comprised of 3 days of a regular 12 L:12D DS cycle followed
by 4 days of total darkness (shiftwork biological days). Mice in this SWD
group showed rest/activity rhythms similar to the DS control group,
although there was an indication that, over the course of the treatment
weeks, the mice started to reduce activity during the dark period and
increase activity during the light period, suggesting they were beginning to
exhibit a deterioration of circadian entrainment. This effect was not induced
by masking, given that the animals remained in total darkness during the
simulated nightshift days. In fact, mice experiencing SWD also exhibited a
greater dark/light activity ratio, given that they were exposed to greater dark
than light periods over the course of the week.

Singh et al.** previously showed that the impact of constant darkness on
brain activity, behavioral outcomes, and hormone outcomes in mice is
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Fig. 3 | Weekly total activity and dark/light activity ratio for the shiftwork in
darkness (SWD) conditions. a Comparison of weekly total activity between day
shift (DS) condition and the shiftwork in darkness (SWD), shiftwork in darkness
with morning light pulse (SWD+AMpulse), and shiftwork in darkness with evening
light pulse (SWD+PMpulse) interventions. b Comparison of weekly total activity
between the light and dark phase for the SWD intervention over the pre-intervention
week (DS), the 4 intervention weeks, and the post-intervention week (DS).

¢ Comparison of weekly total activity between the light and dark phase for the SWD

-+AMpulse intervention over the pre-intervention week (DS), the 4 intervention
weeks, and the post-intervention week (DS). d Comparison of weekly total activity
between the light and dark phase for the SWD-AMpulse intervention over the pre-
intervention week (DS), the 4 intervention weeks, and the post-intervention week
(DS). e Comparison of dark/light activity ratio between the DS condition and the
SWD, SWD+AMpulse, and SWD+PMpulse interventions. Statistical significance:
*p <0.05, ¥*p < 0.01, **¥*p < 0.001, ****p < 0.0001. Notes: T pre-intervention
(average of 2 weeks), ¥ post-intervention.

dependent on sex and on the length of time spent in darkness. For example,
female mice were resilient to 3 weeks in darkness, but by 5 weeks in constant
darkness the negative effects on these outcomes were the same for males and
females™. Our results from male mice did not show significant alterations in
rest/activity patterns after 4 weeks of experiencing the shiftwork paradigm,
perhaps because the constant darkness for 4 days was alternating with 3 days
of the conventional 12 L:12D condition. Further research is needed to
determine whether lack of changes in rest/activity patterns is also reflected in
loss of alterations in molecular biomarkers.

To address the possibility of experiencing free running activity over the
course of the treatment weeks during the dark days, we tested whether a
brief, daily 30-min pulse of light during shiftwork in darkness at ZT0 (SWD
+AMpulse) or ZT12 (SWD+PMpulse) would keep the mice entrained over
the course of the interventions. As hypothesized, a pulse at the start of the
biological day (evening pulse) promoted entrainment of rest/activity
rhythms, while the light pulse at the end of the biological day resulted in
decreased rest/activity rhythms. Given that mice have an average free-
running period of <24 h, it was hypothesized that a greater degree of
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Fig. 4 | Weekly phasor angle and magnitude in mice experiencing the shiftwork in darkness (SWD), shiftwork in darkness with morning light pulse (SWD+AMpulse),
and shiftwork in darkness with evening light pulse (SWD+PMpulse) interventions. Note: The pre-intervention data represent an average of two weeks.
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Fig. 6 | Weekly phasor angle and magnitude in mice experiencing the shiftwork plus circadian blind, vision-permissive (SW + CBVP) intervention. Note: The pre-

intervention data represent an average of 2 weeks.

entrainment would occur with a light pulse at the start of the biological day
(evening), given that delaying the circadian clock would be required to
maintain entrainment. There were no significant changes in phasor angle or
magnitude between conditions. Although mice in the SWD+AMpulse
intervention had overall lower total weekly activity, their rest/activity pat-
terns over the course of the treatment weeks seemed to decay sooner in the
protocol and reach a plateau, while there was a delay in the decay in activity
over the course of the treatment weeks in the SWD and SWD+PMpulse
interventions.

Our study was novel in its testing of a light treatment strategy for
shiftwork that avoids extended periods of total darkness, which is likely
impractical for humans, but at the same time does not disrupt the circadian
system. We hypothesized that maintaining a minimal, visually permissive
level of light (0.05 1x) would allow visibility while being insufficient to dis-
rupt the circadian system (i.e., circadian blind). The visual threshold sen-
sitivity in mice was shown to be 0.005 Ix’>** and the circadian threshold
sensitivity for a 45-min phase shift was shown to be 5 Ix of white light on the
cage floor”. Therefore, the light level used in our study was above the
threshold for visibility and below the threshold for circadian activation.
Furthermore, our previous work comparing the effect of rotating shift work
in humans and similarly altered light patterns in mice demonstrated that
this paradigm in mice was translatable to that observed in nurses on a
shiftwork schedule”. The study’s results show that, despite exposure to a
shiftwork paradigm, the rest/activity patterns in the SW + CBVP mice were
comparable to those in the DS control condition, where mice were on a
regular 12 L:12D cycle.

This study has limitations worth noting. The study only measured
wheel running activity and did not measure biomarkers of circadian
entrainment. We only used male mice and therefore could not determine
whether there were sex differences in the responses. Light levels were only
measured on the cage floors and not at the animals’ eye level, and
entrainment, assessed in free-running dark:dark cycles, was limited only to 3
of the 5 conditions tested and did not include the SW+highL and SW-+lowL
studies. While sleep-wake cycles are associated with light-associated beha-
vioral entrainment, studies involving sleep disruption were beyond the
scope of this study. It is not known whether a longer period of the SW +
CBVP intervention would have eventually resulted in circadian disruption.
Future studies should include female mice, extend the data collection period,
and periodically collect biomarkers of circadian disruption. Most impor-
tantly, these studies should be extended to determine whether the poten-
tially protective changes in light-induced disruption of rest/activity patterns
are reflected in protection against shiftwork related pathologies.

In conclusion, these findings collectively demonstrate that the adverse
effects of shiftwork on light-induced rest/activity rhythms disruption can be
mitigated by modulating light level, specifically preserving visual perception
while not stimulating the circadian clock.

Methods

Mouse husbandry

Thirty male C57BL/6] age-matched mice (The Jackson Laboratory, Bar
Harbor, ME, USA) were quarantined for 72 h and then single-housed in
clear cages placed within light-tight, temperature- and humidity-controlled
cabinets (Circadian Cabinet, Actimetrics, Wilmette, IL, USA), with 6 cages

per cabinet. All cages were equipped with a running wheel connected to a
wireless node for monitoring wheel activity (at 30-s intervals) using
ClockLab chamber control software (version 6, Actimetrics). The cabinets’
internal lighting, humidity levels, and air temperature were also controlled
and monitored using the ClockLab software. Animals were kept on a regular
diet, and regular mouse chow and water were available ad libitum for the
duration of the study. Animals were not anesthetized or euthanized for the
study. The study was approved by the Icahn School of Medicine Institu-
tional Animal Care and Use Committee (IACUC).

Light conditions and protocol

At the beginning of the experiment, the mice were exposed to a 2-week day
shift (DS) control condition (12L:12D) in which the cage lights were
energized to 25 Ix from 07:00 to 19:00 and turned off from 19:00 to 07:00,
every day of the week. The mice were then randomized into groups and
exposed to one of the following 6 light interventions (Fig. 7) for 5 weeks,
followed by a return to the 12 L:12D DS schedule for a final week to establish
whether the mice would re-entrain to the DS schedule. (Due to an equip-
ment malfunction, valid data are available for only 4 weeks under all light
conditions.) Wheel running activity data were collected over the course of
the entire study. The spectral power distribution of the white light source
used in all conditions is shown in Fig. 8.

Shiftwork with high light level (SW-+highL). The mice were exposed to
the 12 L:12D schedule from Monday through Wednesday and then to a
reversed 12D:12 L schedule in which the lights remained off on Thursday
at 07:00 and were reenergized at 19:00. The 12D:12 L schedule was
maintained until returning to the 12 L:12D schedule on Monday at 07:00.
When energized the lights were set to 25 photopic lux (Ix).

Shiftwork with low light level (SW+lowL). As with the SW+highL
condition, the mice experiencing the SW+lowL condition were exposed
to the 12 L:12D schedule from Monday through Wednesday and then toa
reversed 12D:12 L schedule, with the lights remaining off on Thursday at
07:00. The lights were reenergized at 19:00 and the 12D:12 L schedule was
maintained until returning to the 12 L:12D schedule on Monday at 07:00.
In this condition, however, when energized the lights were set to 25 Ix
Monday through Wednesday and set to 12 Ix Thursday through Sunday
(see Fig. 7).

Shiftwork in darkness (SWD). The mice followed the 12 L:12D schedule
from Monday through Wednesday, but rather than experiencing the
reversed 12D:12 L schedule used for the 3 SW interventions, the lights
remained off on Thursday at 07:00 until Monday at 07:00, after which the
energized lights were again set to 25 Ix.

Shiftwork in darkness with morning (beginning of biological night)
light pulse (SWD+AMpulse). The mice followed the SWD schedule
described above. From Thursday through Sunday, a 30-min light pulse
(25Ix) was delivered to the darkened cage from 07:00 to 07:30.

Shiftwork in darkness with evening (beginning of biological day)
light pulse (SWD+PMpulse). The mice followed the SWD schedule
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conditions.

described above. From Thursday through Sunday, a 30-min light pulse
(25 1x) was delivered to the darkened cage from 19:00 to 19:30.

Shiftwork with circadian blind/vision-permissive light (SW + CBVP).
The mice followed a schedule that was similar to the SW-+highL and SW
+lowL. During the reversed schedule (12D:12 L, Thursday at 07:00
through Monday at 07:00), however, the energized lights were set to only
0.05 Ix (dim light).

Light measurements

Light measurements were collected using a photometer (model X9-1,
Gigahertz Optik, Amesbury, MA, USA) with its remote sensor positioned
on the floor of each cabinet, between the cages, and with the cabinet doors
closed to ensure accurate readings. The light levels were also measured at the
bottom of each cage to ensure that all of them received the same amount of
light on the cage floors. ClockLab Chamber Control was used to set the light
levels and patterns in each of the cabinets. Cabinet light levels were re-
measured between experiments to ensure no shifts had occurred. To reduce

the light levels to 0.05 Ix on the cage floor for the SW + CBVP intervention,
neutral-density light filters (colors 210 and 211, Rosco Laboratories,
Stamford, CT, USA) were used to dim the cabinet lights.

Data analyses
Wheel running activity data were analyzed on a per animal basis except
where otherwise noted. The following analyses were performed:

Rest/activity patterns. Rest/activity data from the wheel running device
(see Supplementary Material for actograms) were used to calculate:
(1) weekly total activity (the sum of all recorded activity data points
[wheel revolutions per 30 s] during the entire week); (2) weekly total
activity in the light and weekly total activity in the dark (the sum of
all recorded activity data points during lights off and the sum of all
recorded activity data points during lights on for the entire week);
and (3) dark/light activity ratio (the sum of all activity during lights
off divided by the sum of all activity during lights on). Weekly spans
were defined from zeitgeber time zero (ZT0) on Monday to ZT0 on
the following Monday.

Phasor analysis. Phasor analysis calculates the vector relationship
(phase and amplitude) between the circadian light/dark stimulus pattern
and rest/activity response pattern, following methods proposed by Rea
et al for quantifying circadian entrainment/disruption™ in animals and
humans. The phasor quantifies how well the light/dark and rest/activity
patterns are correlated over a 24-h cycle (phasor magnitude) as well as
their relative temporal position (phasor angle). Phasor magnitude is used
as an operational, quantitative measure of circadian entrainment for both
diurnal humans and nocturnal rodents; the longer the phasor magnitude,
the greater the degree of circadian entrainment. Phasor angle depicts the
temporal relationship between light/dark onset and rest/activity onset.

Statistical analyses

A two-way repeated measures ANOV A was performed with light condition
and intervention duration (weeks) as the independent variables, followed by
a Tukey correction for multiple comparisons for the outcomes
described above.
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The datasets used and/or analyzed during the current study are available
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