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Visible light is the principal stimulus for resetting the mammalian central circadian
pacemaker. Circadian phase resetting is most sensitive to short-wavelength (blue)
visible light. We examined the effects of removing short-wavelengths < 500 nm
from polychromatic white light using optical filters on circadian phase resetting in
rats. Under high irradiance conditions, both long- (7 h) and short- (1 h) duration
short-wavelength filtered (< 500 nm) light exposure attenuated phase-delay shifts in
locomotor activity rhythms by (∼40–50%) as compared to unfiltered light exposure.
However, there was no attenuation in phase resetting under low irradiance conditions.
Additionally, the reduction in phase-delay shifts corresponded to regionally specific
attenuation in molecular markers of pacemaker activation in response to light exposure,
including c-FOS, Per1 and Per2. These results demonstrate that removing short-
wavelengths from polychromatic white light can attenuate circadian phase resetting in an
irradiance dependent manner. These results have important implications for designing
and optimizing lighting interventions to enhance circadian adaptation.

Keywords: circadian phase resetting, pacemaker, light, locomotor activity, spectral tuning

INTRODUCTION

Circadian misalignment is associated with long-term health problems ranging from depression
(Hickie and Rogers, 2011; Rajaratnam et al., 2011) to diabetes (Morris et al., 2015). Repeated
changes in the light-dark schedule, as is common in shift work, can induce circadian misalignment
(James et al., 2007; Skene et al., 2018). Light is the strongest environmental time cue for
synchronizing the endogenous pacemaker in the suprachiasmatic nuclei (SCN) (Duffy et al.,
1996; Czeisler and Gooley, 2007) and controlling the light-dark schedule can attenuate circadian
misalignment (Czeisler et al., 1990; Santhi et al., 2005; Santhi et al., 2007). One of the major
operational challenges in controlling the light-dark schedule is avoiding light exposure at
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inappropriate times. For example, night shift workers returning
home after their night shift are exposed to light during the day,
which can attenuate entrainment to a night time schedule (Boivin
and James, 2002; Smith et al., 2008; Sasseville and Hebert, 2010;
Boivin et al., 2012). However, modulating the characteristics of
light such as intensity and spectrum may provide a mechanism
to control the disruptive effects of aberrant light exposure on
circadian rhythms.

Non-image forming (NIF) responses to light, which includes
circadian phase resetting and acute changes in hormone levels,
are mediated by an integrated neuronal pathway originating
at the retina. Intrinsically photosensitive retinal ganglion cells
(ipRGCs) are the principal photoreceptors mediating this
response under bright long-duration light exposure conditions
(Guler et al., 2008; Gooley et al., 2010), as is common during shift
work. These melanopsin-expressing ipRGCs are preferentially
short-wavelength sensitive (λmax ∼480 nm), and NIF responses
to light mediated by these photoreceptors, including melatonin
suppression and phase resetting, also show corresponding short-
wavelength sensitivity (peak sensitivity range ∼ 450–480 nm)
(Takahashi et al., 1984; Boulos, 1995; Brainard et al., 2001;
Thapan et al., 2001; Lockley et al., 2003; Warman et al., 2003;
Cajochen et al., 2005; Lockley et al., 2006; Gooley et al., 2010;
Bedrosian et al., 2013). Moreover, previous studies have shown
that melanopsin knockout mice have preserved but significantly
reduced photic-induced phase resetting (Panda et al., 2002;
Ruby et al., 2002). Therefore, NIF responses to light may be
modulated by controlling the short-wavelength content of broad-
spectrum white light.

Removing wavelengths shorter than ∼500 nm (0%
transmission) from broad-spectrum white light can attenuate
the suppression of melatonin during nocturnal light exposure
(Kayumov et al., 2005; Sasseville et al., 2006; Rahman et al.,
2008; Sasseville and Hebert, 2010; Rahman et al., 2011; van
der Lely et al., 2015; Gil-Lozano et al., 2016; Rahman et al.,
2017; Regente et al., 2017; Souman et al., 2018), and prevent
alterations in central and peripheral clock gene expression
(Rahman et al., 2008, 2011). However, the effect of filtering
these photic wavelengths on circadian phase resetting has
not yet been determined. While melatonin suppression and
circadian phase resetting are often coincidental, they are
functionally decoupled such that phase resetting can occur
even without melatonin suppression (Zeitzer et al., 1997,
2011; Paul et al., 2009; Kiessling et al., 2014; Rahman et al.,
2018). Although one prior study suggests that filtering short-
wavelengths < 520 nm may attenuate circadian phase shifts in
humans exposed to light at night during a simulated night shift
(Regente et al., 2017), methodological limitations preclude clear
conclusions. Therefore, we examined whether circadian phase
resetting induced by light exposure is affected by modulating
the spectral composition of broad-spectrum white light. We
hypothesized that removing short-wavelengths < 500 nm (blue
portion of the visible spectrum) from polychromatic light
would attenuate phase-delay shifts induced by nocturnal light
exposure. Additionally, we examined the effects of filtering
short-wavelengths < 500 nm on SCN activation to identify the
temporal and spatial neural pathway mediating the changes

in phase resetting magnitude. Since the relative contribution
of the photoreceptors depends on intensity and duration of
exposure, we explored whether the phase resetting responses to
short-wavelength filtered light differed between short (1 h) and
long (7 h) duration exposures and bright (100 µW/cm2) and dim
(10 µW/cm2) exposures.

MATERIALS AND METHODS

Animals
Male Sprague Dawley rats weighing between 200–250 g were
obtained from Charles River Laboratories (Charles River
Laboratories, Saint Constant, QC, Canada). Animals were
individually housed in cages equipped with stainless steel running
wheels (MiniMitter, Bend, OR, United States), and food and
water was available ad libitum. Cages were placed in open
stainless-steel chambers. Animals were entrained to 12:12 LD
for at least 2 weeks before being released into constant darkness
(DD). Uniform illumination distribution [98.3 ± 7.2 µW/cm2

(∼500 lux) at cage level] was provided by Philips cool white
fluorescent lights (4100K) placed facing the housing chambers.
All procedures were approved by the University of Toronto
Animal Care Committee and were in accordance with the
guidelines established by the Canadian Council on Animal Care.

Light Source
The top shelf of the stainless-steel housing chamber was
constructed to have a controlled lighting environment and
was used exclusively for light exposure episodes. Illumination
was provided by light from a fiber optic FS-7L illuminator
(Magic Lite Ltd., Mississauga, ON, Canada) fitted with a 183-
W tungsten halogen MR-16 bulb (3000K, General Electric) that
was transmitted by six FSPT-50 fiber optic bundles (Magic Lite
Ltd.). Each FSPT-50 bundle consisted of 50 random sorted end-
emitting fiber optic cables. The illuminator was located outside
the animal-housing chamber in a custom ventilated box that
prevented light from escaping the illuminator except through
the fiber optic bundles. One or two animal cages were exposed
to experimental lighting provided by three fiber optic bundles
positioned above each cage. Spectral output was measured
using a National Institute of Standards calibrated Ocean Optics
S2000 spectroradiometer (Dunedin, FL, United States). Light
was filtered at the source using a cut-off filter that removed
all transmission < 500 nm (FL; Figures 1A,B; red lines)
(Zircadium Inc., Toronto, ON, Canada). Neutral density filters
(Kodak, Rochester, NY, United States) were used to lower
irradiance from high irradiance (HI, ∼100 µW/cm2; Figure 1A)
to low irradiance (LI, ∼10 µW/cm2; Figure 1B). The Rodent
Toolbox v1.0 was used to quantify contributions of different
photoreceptors of the rodent retina under different spectral
conditions (Lucas et al., 2014).

Behavioral Experiments
Circadian Phase Shift Protocol
Wheel-running activity was continuously recorded using
VitalView software (Philips-Respironics, Bend, OR,
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FIGURE 1 | Spectral transmission profiles of high irradiance (HI ∼100 µW/cm2; A) and low irradiance (LI ∼10 µW/cm2; B) filtered polychromatic light. Transmission
profile of filtered light (FL; red line) shown against the tungsten-halogen unfiltered light source (UL; blue dashed line) display the removal of all visual short
wavelengths < 500 nm (represented by the gray-shaded region). Corresponding representation of melanopsin (λmax 480 nm), rod opsin (λmax 498 nm), and M-cone
opsin (λmax 508 nm) photoreceptor activity produced under HI (C) and LI (D) FL and UL conditions.

United States). After entrainment, animals were maintained
in constant darkness (DD) for at least 2 weeks. All animals
were handled in DD with the aid of night vision equipment
(American Technologies Network Corp., San Francisco, CA,
United States). Cage changes in DD were performed with the aid
of a red-light lamp (Kodak LED Safelight; Kodak, Rochester, NY,
United States). Free-running animals were exposed to filtered
light (FL) or unfiltered light (UL) for 1 h at the high or low
irradiance level starting at circadian time (CT) 16. Free-running
animals were also exposed to FL or UL for 7 h at the high
irradiance level starting at CT13. Dark control animals were
handled in the same manner but remained in darkness.

Estimation of Circadian Phase Shifts
Following photic stimuli, animals were maintained for an
additional 2 weeks in DD. Activity records were analyzed
using Clocklab software package (Actimetrics, Evanston, IL,
United States) in 6 min bins. Activity onset under DD was
used as the circadian phase marker. Data were averaged
across at least 10 days before and after the stimulus by
linear regression through activity onsets. To minimize possible
confounding due to transient phase shifts, activity onset data
from up to 3 days immediately after the stimulus were not
included in the regression analysis. To objectively minimize
possible confounding of activity onsets due to cage changes and
food/water maintenance, activity onsets that were not within

30 min of the regression line were excluded. Out of a total of 1,426
activity onsets estimated, 149 were excluded. The magnitude of
phase shift was calculated as the extrapolated difference between
the two linear regressions the day after the light pulse. By
convention, negative values represent phase delays and positive
values represent phase advances.

Immunohistochemistry (IHC) and in situ
Hybridization (ISH)
Tissue Preparation
Animals were sacrificed at 0, 2, and 8 h after the end
of the 1-h exposure condition. Animal handling and tissue
sample collection were performed under darkness using a
safe red-light lamp (Kodak LED Safelight), and with the aid
of night vision equipment (American Technologies Network
Corp.). Animals were anesthetized with Isoflurane and perfused
transcardially with 120 ml of 0.9% saline followed by 300–
350 ml of 4% (w/v) paraformaldehyde (PFA)/PBS solution.
Brains were then post-fixed in the same fixative, submerged
in 30% (w/v) sucrose/PBS cryoprotectant solution and stored
frozen at −80◦C in Tissue-Tek OCT compound (Sakura
Finetek, Torrance, CA, United States). For future orientation,
brain segments were nicked in the dorsal region of the left
hemisphere and then sliced into 40-µm thick coronal sections
using a cryostat (Leica CM3050S, Leica Microsystems, Wetzler,
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Germany). Identification of the SCN was based on key landmarks
including the development and shape of the optic chiasm, and the
decussation of the anterior commissure. Sections were stored in
cryoprotectant at−20◦C until further processing.

Immunohistochemistry
Serial free-floating sections (1:4) were rinsed in PBS and
incubated in 5% (v/v) normal goat serum, 0.3% (v/v) Triton X-
100 in PBS for 1 h prior to overnight primary antibody incubation
at 4◦C. All serial sets were stained for double-labeled fluorescence
in 0.2% (v/v) goat serum, 0.3% (v/v) Triton X-100 in PBS for
guinea-pig anti-AVP (1:16,000; Peninsula Laboratories/Bachem,
Belmont, CA, United States) and one of the following: 1) rabbit
anti-c-FOS (1:1000, Santa Cruz Biotechnology, Santa Cruz, CA,
United States), 2) rabbit anti-PER1 (1:5000), or 3) rabbit anti-
PER2 (1:5000). The antibodies for PER1 and PER2 used in this
study have been previously characterized and validated (LeSauter
et al., 2012). After being rinsed in PBS (3 × 10 min washes),
sections were incubated with secondary antibodies Alexa-Fluor R©

568 goat anti-rabbit IgG (1:1000, Invitrogen, Carlsbad, CA,
United States) and Alexa-Fluor R© 488 goat anti-guinea pig IgG
(1:1000, Invitrogen) for 2 h at room temperature in the dark.
All fluorescence-stained tissue sections were washed in PBS
(3 × 10 min washes), mounted on SuperFrost Plus slides
(ThermoFisher Scientific, Pittsburgh, PA, United States), dried,
and cover-slipped with ProLong R© Gold antifade reagent with
DAPI (Invitrogen). Serial tissue sections were double-stained
with AVP, a canonical marker of the shell or dorsomedial
SCN, in order to delineate the SCN core and shell subdivisions
(Figure 3A). In each IHC run, sections from each spectral
condition were processed together to minimize variability due to
handling conditions.

Serial sections throughout the SCN were imaged on a
confocal laser-scanning microscope (ZeissLSM700, Carl Zeiss
Microscopy, Jena, Germany). A 20 × /0.8NA objective lens was
used to provide a lateral resolution of 0.36 µm × 0.36 µm over
a 500 µm × 500 µm field-of-view. A z-stack of five images was
collected at 3 µm depth intervals with DAPI, Alexa-Fluor R© 488
and Alexa-Fluor R© 568 imaged sequentially using lasers at 405,
488, and 555 nm, respectively. Image stacks were captured of the
right unilateral SCN for each coronal serial image set.

In situ Hybridization and Co-immunohistochemistry
RNA in situ hybridization for Per1 and Per2 mRNAs in free-
floating brain sections was performed using the RNAscope
HybEZ Hybridization System (Advanced Cell Diagnostics
Inc., Newark, CA, United States) as previously described
(Grabinski et al., 2015). Briefly, a representative mid-rostrocaudal
section (between sections with the most discernable core and
shell region) was used for each probe. Brain sections were
removed from cryoprotectant, washed four times in tris-
buffered saline (TBS) for 10 min each, and incubated in
Pretreatment 1 at room temperature for 1 h. Sections were
washed in 0.5 × TBS (2 × 1 min washes) and distilled water
(2 × 1 min washes) before being transferred onto Ultrastick
Slides (Andwin Scientific, Canoga Park, CA, United States)
and dried at 60◦C overnight. Target retrieval (Pretreatment 2),

protease pretreatment (Pretreament 3), probe hybridization,
and amplification followed by 3,3′-diaminobenzidine (DAB)
detection (RNAscope 2.5 HD Detection kit, Advanced Cell
Diagnostics Inc.) were performed as previously described
(Grabinski et al., 2015). Each RNAscope target probe contained
a mixture of 20 ZZ oligonucleotide probes that were bound to
target RNA for Per2 (GenBank accession number NM_031678.1;
target nucleotide region, 3647 – 4603) or Per1 (GenBank
accession number NM_001034125.1; target nucleotide region:
139 – 1112). Following in situ hybridization, sections were
incubated in 1% hydrogen peroxide for 10 min, washed in
TBS (4 × 4 min washes), incubated in 10% (v/v) normal goat
serum blocking buffer for 30 min and incubated overnight
in guinea-pig anti-AVP (1:2000) in 5% (v/v) goat serum in
TBS, all at room temperature. The following day, sections
were washed in TBS (4 × 4 min washes) and incubated with
biotinylated goat anti-guinea pig secondary antibody (1:500,
Vector Laboratories, Burlington, ON, Canada) for 2 h at room
temperature. After washing in TBS (4 × 4 min washes), sections
were incubated for 2 h in avidin-biotin-peroxidase complex (ABC
Elite kit, PK-6100, Vector Laboratories), washed again in TBS
(4 × 4 min washes), and the IHC signal was detected using
VectorSG peroxidase substrate (SK-4700, Vector Laboratories)
for ∼10 min. Once washed in TBS (4 × 1 min washes),
slides were dehydrated through a graded series of alcohol (50,
70, 95, 100% ethanol × 1 min each) and cleared in xylene
for 2 min before cover-slipping with Cytoseal-60 mounting
media (Fisher Scientific, Ottawa, ON, Canada). In a single ISH
run, sections from each spectral condition and positive (rat
β-actin probe, ACD#409051) and negative (bacterial gene DapB
probe, ACD#310043) controls were processed together. Slide
images were digitized at 20X using NanoZoomer 2.0RS scanner
system (Hamamatsu Photonics, Hamamatsu, Japan). A 10X
image of the bilateral SCN for each tissue was extracted for
further analyses.

Image Quantification
All staining quantification was performed using ImageJ software
(version 1.46r, National Institutes of Health, Bethesda, MD,
United States). The AVP-expressing region was used to
manually outline the SCN boundary and core subregion, while
all other measures were automated using ImageJ’s macro
programing features. For fluorescence images, Z-stacks were
collapsed into maximum-intensity projections, a Gaussian
smoothing filter was performed, and the average intensity of
the background region was subtracted. For bright-field images,
color deconvolution was performed as previously described
(Ruifrok and Johnston, 2001) to separate DAB (brown) and
Vector SG (blue-gray) signals using vectors derived from positive
and negative control tissue. Thresholds were set constant for
protein probes and all ISH probes within each batch, and
ImageJ’s measure function was used to derive both the area
and mean intensity of positive staining for each region of
interest. The percentage of the positive area relative to the
total area and the mean intensity of the region of interest
were calculated. For fluorescent IHC, measures were averaged
across all four serial unilateral SCN images for each animal
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to quantify immunoreactivity in the whole SCN. For the core
and shell measurements independently, three out of the four
serial sections contained a defined core and shell region that
were averaged for SCN subregion quantification. For bright-
field images, measures were averaged across the bilateral SCN,
including the shell and core independently, for each of the mid-
rostrocaudal sections.

Statistical Analysis
Behavioral, IHC and ISH results are reported as mean ± SEM
and analyzed using a one- or two-way ANOVA or a Student’s
t test (between two groups), as appropriate. For non-normally
distributed IHC data, a logarithmic or square root transformation
was applied, as appropriate, before proceeding with planned
parametric statistical analyses. If a significant main or
interaction effect was observed, data were further subjected
to Student-Newman-Keuls post hoc test when comparing
between groups. One-way ANOVA on Ranks with Dunn’s
post hoc test was performed for behavioral data comparing
exposure conditions to pooled dark/handling controls due to
unequal variance, as indicated. Statistical significance was set at
p < 0.05. Statistical analyses and graphical representations were
performed using Sigmaplot v13.0 (Systat Software Inc., San Jose,
CA, United States).

RESULTS

Removing Short Wavelengths From
White Light Attenuates Circadian Phase
Shifting in an Irradiance and Duration
Dependent Manner
Phase shifts for high-irradiance (1 and 7 h) and low-irradiance
UL exposure were significantly different than the pooled
dark/handling control group (−0.03± 0.11; p< 0.001). Likewise,
high- and low-irradiance FL exposure conditions were also
significantly different to the dark control group (p < 0.05). Phase
shifts were modulated by both exposure condition (filtered vs.
unfiltered; p < 0.001) and duration (1 h vs 7 h; p < 0.001).
In the 1-h exposure condition at CT 16, phase shifts were
significantly reduced by ∼50% in the < 500 nm filtered light
(FL: -1.01 ± 0.14 h; p = 0.012) compared to the unfiltered light
exposure group (UL: −2.02 ± 0.22 h) (Figures 2A,D). A similar
reduction of ∼40% was observed under the 7 h light pulse at
CT13, comparing FL (-2.94± 0.26; p< 0.001) to the UL exposure
(-4.67± 0.45) (Figures 2B,D). The attenuation in phase resetting
by filtered light was not differentially altered based on the
duration of exposure [interaction (spectral condition× duration
of exposure) p = 0.198; Figure 2D].

In contrast to duration, irradiance significantly affected
the attenuation in phase resetting [interaction (spectral
condition × irradiance) effect p = 0.013; Figure 2E]. Unlike
the attenuation of phase resetting under high-irradiance 1 h
FL compared to UL condition, there was no difference in
the magnitude of phase shifts between FL and UL under 1 h
low-irradiance conditions (Figures 2C,E).

Removing Short Wavelengths Form
White Light Attenuates Central
Pacemaker Activation
The robust induction of c-FOS, a reliable marker of SCN
activation, detected in the whole SCN and in the core subdivision
immediately following UL exposure was decreased ∼33% in the
FL group (FL vs. UL 0 h, whole SCN p = 0.002; SCN core
p = 0.001; Figures 3B,C). As expected, light-exposure induced
c-FOS expression was reduced 2 h after the light exposure
(effect of time p < 0.01). The attenuation of c-FOS induction
under the FL compared to the UL condition persisted 2 h after
the end of the light pulses with similar decreases of ∼46 and
∼39% in the whole SCN and core, respectively (FL vs. UL
2 h, whole SCN: p = 0.039; SCN core p = 0.035; Figure 3C).
While the highest levels of c-FOS expression were observed
in the retino-receptive SCN core (Figure 3C middle panel),
there were also UL-induced increases in the shell region 0 h
(p< 0.0001) and 2 h (p = 0.016; Figure 3C right panel). Moreover,
this increase in c-FOS expression in the shell subdivision was
reduced by filtering blue light (FL compared to UL exposure
groups, p = 0.042), although post hoc comparisons did not
reveal individual significant differences at either time point after
exposure (FL vs. UL 0 h and 2 h p > 0.05).

Removing Short Wavelengths Form
White Light Attenuates Changes in the
Molecular-Clock Mechanism
Changes in Light-Induced Per1 and Per2 Gene
Expression
Upregulation of Per1 mRNA following an unfiltered light
pulse was highest in the core region (Figures 4A,B), in
agreement with previous reports (Yan et al., 1999; Yan and
Okamura, 2002). There was a ∼ 22% decrease in Per1
expression in the whole SCN, and the core subdivision,
immediately following FL compared to UL exposure (FL vs.
UL 0 h, whole SCN p = 0.002; SCN core p = < 0.001;
Figure 4B). Comparable reductions of ∼25% were observed
in Per1 expression levels in the whole SCN and core
subdivision 2 h following FL compared to UL exposure
(p = 0.049), with the overall expression levels decreasing
over time (p < 0.001). There may be marginal reductions of
Per1 expression in the shell region, particularly immediately
following light exposure; however, this did not reach statistical
significance (p = 0.053).

Similar to Per1 expression levels, light induction of Per2
mRNA was observed in the SCN (Figures 4C,D). Per2 mRNA
upregulation was distributed more uniformly throughout the
SCN, including both core and shell subdivisions (effect of
condition in the whole SCN, core and shell p < 0.001).
Moreover, the Per2 upregulation was significantly less in FL
compared to UL light exposure in the whole SCN and core
region but was not in the shell region (whole SCN p = 0.022,
SCN core p = 0.002, SCN shell p = 0.063; Figure 4D).
However, there was no effect of time on Per2 expression in
whole SCN, core, or shell (p > 0.05), since light-induced Per2
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FIGURE 2 | Effects of duration and irradiance on behavioral phase shifts in response to short-wavelength-filtered light (FL) or unfiltered light (UL) exposure.
Representative double-plotted actograms of wheel-running activity from free-running animals exposed to a 1-h high irradiance (HI ∼100 µW/cm2; A) or low
irradiance (LI ∼10 µW/cm2; C) light pulse of completely filtered (< 500 nm, FL; left) or unfiltered light (UL; right) at CT16, and free-running animals exposed to a 7-h
HI light pulse (B) of FL (left) or UL (right) at CT 13. Phase shifts were assessed by generating regression lines through the activity onsets for at least 10 days before
and after photic intervention (indicated by a yellow bar). Completely filtering short wavelengths reduced phase delays for both shorter 1-h and longer 7-h HI light
exposures (D), as compared to unfiltered light (1-h HI: FL n = 10, UL n = 11; 7-h HI: FL n = 9, UL n = 9). Conversely, filtering visual short wavelengths under a 1-h
low irradiance light exposure did not alter phase shifts (E), as compared to unfiltered light (1-h LI: FL n = 9, UL n = 9). Quantitation of photic phase shifts are reported
as group mean ± SEM. Different letters indicate significant differences (p < 0.05) after a two-way (exposure condition × irradiance or exposure condition × duration,
as indicated) ANOVA with Student-Newman-Keuls post hoc test.

expression remained high even 2 h following light exposure.
This sustained upregulation in Per2 expression is similar to
previous observations (Yan et al., 1999). Since the effect of
time was not significant, nor the interaction of condition and
time, data for each condition was pooled across timepoints.
Combining both timepoints showed reductions of ∼20% in
Per2 expression in the whole SCN (p = 0.027) and core

(p = 0.002), but not the shell subdivision (p = 0.072), following
FL compared to UL exposure.

Changes in Light-Induced PER1 Protein Expression
Consistent with previous reports (Field et al., 2000; Yan and
Silver, 2004), robust expression of PER1 and PER2 protein
was observed only in the shell region of the SCN from
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FIGURE 3 | Continued
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FIGURE 3 | Spatial and temporal effects of filtering short wavelengths on c-FOS immunoreactivity in the SCN. Representative rostral to caudal SCN coronal sections
demonstrating core and shell subdivisions, as delineated by AVP-expressing shell region (A; Top panel adapted from Moore et al., 2002). 3V: third ventricle; OC:
optic chiasm. Representative photomicrographs of mid rostral-caudal coronal SCN sections double-labeled for AVP (green) and c-FOS (red) from animals sacrificed
0-h and 2-h after a high irradiance FL or UL, or dark (control) 1-h exposure at CT16. Scale bar = 75 µm (B). Quantitative analysis examining the proportion of
positive area of c-FOS immunoreactivity (C) in the whole SCN (left panel), as well as the core (middle panel) and shell (right panel) subdivisions independently. The
induction of c-FOS at 0 and 2-h was significantly reduced in the SCN and in the retino-receptive core following FL compare to UL. Data are presented as the group
mean ± SEM for each exposure condition at 0-h (n = 5) and 2-h (n = 6) following light or dark exposure. Different letters indicate significant differences (p < 0.05)
after a two-way (exposure condition × time after exposure) ANOVA with Student-Newman-Keuls post hoc test.

animals maintained under free-running DD conditions during
the early as compared to late subjective night (CT 16 vs CT
21; PER1 p = 0.009, Figures 5A,B right panel; PER2 p = 0.018,
Figures 5C,D right panel). Due to a substantial ∼4–9 h delay in
light-evoked PER1 and PER2 protein levels previously reported
(Field et al., 2000; Harmar et al., 2002; von Gall et al., 2003; Yan
and Silver, 2004), brain tissue was collected 8 h following FL,
UL or dark exposure. Compared to expression levels under the
dark-control condition, there was a significant increase in PER1
expression in the SCN core region only (p = 0.029) following
light exposure (Figures 6A,B). While UL exposure increased
PER1 expression in the SCN core (p = 0.023), FL exposure did
not appear to induce a statistically significant increase in PER1
expression compared to the dark-control condition (p = 0.147;
Figure 6B middle panel). PER2 expression was unaffected by
photic stimuli and all exposure groups had low basal levels of
PER2 expression (p > 0.05, Figures 6C,D).

DISCUSSION

Non-visual responses to ocular light exposure including changes
in hormone secretion and phase shifts in locomotor activity
rhythms have a peak sensitivity to short-wavelength (blue)
visible light and are mediated via ipRGCs primarily through the
photopigment melanopsin (Takahashi et al., 1984; Boulos, 1995;
Brainard et al., 2001; Thapan et al., 2001; Lockley et al., 2003,
2006; Cajochen et al., 2005; Bedrosian et al., 2013). Reducing
the short-wavelength content from polychromatic white light
can attenuate the acute changes in hormone secretion and
gene expression (Kayumov et al., 2005; Sasseville et al., 2006;
Rahman et al., 2008; Sasseville and Hebert, 2010; Rahman
et al., 2011, 2013; Gil-Lozano et al., 2016), but the effects
on phase resetting responses are not known. We show, for
the first time, that filtering visual short wavelengths from
high irradiance polychromatic light at night can attenuate
circadian phase resetting and alterations in associated markers
of SCN activation. These results suggest that depleting the
blue content of polychromatic light may be an effective
method of attenuating direct and pacemaker mediated phase
resetting when these effects are not desirable. Importantly,
the efficacy of this intervention was intensity dependent,
such that at a low-irradiance, depleting the blue content of
polychromatic light did not reduce behavioral phase shifts as
compared to unfiltered light exposure. These results provide
novel insight on the photobiologic responses to short-wavelength
depleted light and have important implications for designing
lighting interventions.

In the current study, filtering short wavelengths < 500 nm
from high-irradiance polychromatic white light at night reduced
phase shifts in locomotor activity by ∼40–50% [range of effect
size (Cohen’s d) 1.58–1.68] compared to unfiltered polychromatic
white light. These results are similar to the reduction in
locomotor activity phase shifts observed in melanopsin knockout
mice (Panda et al., 2002; Ruby et al., 2002) suggesting that
the modulation of the melanopic signaling pathway likely
explains the attenuation in phase shifts observed in this
study. This is further supported by the ∼75% reduction in
estimated melanopsin activation under the FL compared to
UL condition, as assessed using melanopic response-weighted
irradiance functions (Figures 1C,D; Lucas et al., 2014). Given
that melanopsin knockout mice still retain nearly half of their
light-evoked phase resetting response (Panda et al., 2002; Ruby
et al., 2002), this also underscores key contributions from rod
and cone photoreceptors. Consistent with this idea, we observed
a significant reduction, but not complete abolishment of photic
circadian phase resetting following FL exposure. This residual
phase resetting under the FL condition may be, at least in part,
due to the activation of classical photoreceptors; however, this
warrants further investigation. Additionally, these results suggest
that chronic exposure to even filtered light may cause substantial
phase resetting and repeated phase resetting, albeit of smaller
magnitude, which may promote circadian disruption and adverse
health effects associated with circadian disruption. Future studies
are required to assess the impact of chronic filtered light exposure
at night on health outcomes, however.

The involvement of the rod and cone visual photoreceptors
in mediating some part of the total phase resetting effects of
light exposure may also explain the lack of attenuation of phase
resetting by filtering short wavelengths at low irradiances. Results
from rodent and human studies show more robust contributions
of classical photoreceptors in phase resetting responses in low
light irradiances as compared to high irradiance conditions
(Dkhissi-Benyahya et al., 2007; Altimus et al., 2010; Gooley
et al., 2010). This suggests that filtering short wavelengths
under low irradiance conditions does not reduce the activation
of visual photoreceptors, which can continue to signal to the
pacemaker and contribute to phase resetting. This finding is
particularly important because reducing the blue content by
either filtering short wavelengths (Sasseville et al., 2006; Burkhart
and Phelps, 2009; Figueiro et al., 2011; Santhi et al., 2012;
Chellappa et al., 2013; van der Lely et al., 2015) or using
blue-depleted light sources [e.g., spectrally tuned LEDs (Santhi
et al., 2012)] may be used as possible countermeasures for pre-
bedtime/evening light exposure. Such an intervention is usually
combined with reducing the intensity of light exposure. Our
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FIGURE 4 | Spatial and temporal effects of filtering short wavelengths on Per1 and Per2 mRNA expression in the SCN. Representative photomicrographs of mid
rostral-caudal coronal SCN sections double-labeled for AVP (blue-gray) and Per1 or Per2 mRNA (brown) from animals sacrificed 0-h and 2-h after a high irradiance
FL or UL, or dark (control) 1-h exposure at CT16. Scale bar = 100 µm (A,C). Quantitative analysis examining the proportion of positively stained area of Per1 (B) or
Per2 (D) gene expression in the entire SCN (left panel), as well as the core (middle panel) and shell (right panel) subdivisions independently. The induction of Per1
mRNA at 0-h and 2-h was significantly reduced in the in the retino-receptive core following FL compared to UL exposure (B). Data are presented as the group
mean ± SEM for each exposure condition at 0-h (n = 5) and 2-h (n = 5) following light or dark exposure. Different letters indicate significant differences (p < 0.05)
after a two-way (exposure condition × time after exposure) ANOVA with Student-Newman-Keuls post hoc test.
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FIGURE 5 | Representative photomicrographs of mid rostral-caudal coronal SCN sections double-labeled for AVP (green) and PER1 or PER2 (red) from free-running
animals sacrificed during the first (CT 16; n = 3) or second (CT 21; n = 3) half of the subjective night. Scale bar = 75 µm (A,C). Quantitative analysis examining the
proportion of positively stained area of PER1 (B) or PER2 (D) immunoreactivity in the entire SCN (left panel), as well as the core (middle panel) and shell (right panel)
subdivisions independently. Endogenous PER1 and PER2 immunoreactivity was observed in the shell region during the earlier half of the subjective night at CT 16,
as compared to the CT 21. Data are presented as the mean ± SEM. Different letters indicate significant differences (p < 0.05) after a Student’s t test.

results suggest that the coupled intervention may not be optimal
for attenuating unwanted circadian phase resetting induced
by light exposure. Additional studies are needed to determine
whether blue depletion of indoor bedroom-intensity lighting
effectively attenuates the disruptive effects of nocturnal light
exposure on sleep and health outcomes (Chang et al., 2015;
Gronli et al., 2016). An additional important consideration for

using spectral tuning to attenuate the disruptive effects of light
exposure at night is the impact on visual performance. We
have previously shown impaired color discrimination caused
by blue-depleted light (Rahman et al., 2017), although novel
technology using metamerism can selectively attenuate NIF
responses without altering photometric (color and luminance)
characteristics (Allen et al., 2018).
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FIGURE 6 | Delayed and regionally specific upregulation of photic-induced PER1 immunoreactivity in the SCN. Representative photomicrographs of mid
rostral-caudal coronal SCN sections double-labeled for AVP (green) and PER1 or PER2 (red) from animals sacrificed 8-h after high irradiance FL or UL, or dark
(control) 1-h exposures at CT16. Scale bar = 75 µm (A,C). Quantitative analysis examining the proportion of positively stained area of PER1 (B) or PER2 (D)
immunoreactivity in the entire SCN (left panel), as well as the core (middle panel) and shell (right panel) subdivisions independently. The induction of PER1-IR was
observed in the core region under the UF condition only, as compared to the dark control (B). Data are presented as the mean ± SEM at 8-h (dark n = 6, FL n = 7,
UL n = 7) per exposure condition. Different letters indicate significant differences (p < 0.05) after a one-way (exposure condition) ANOVA with
Student-Newman-Keuls post hoc test.

Since the 1 and 7-h high irradiance filtered-light-exposure
conditions had similar reductions (∼40–50%) in phase resetting,
we chose the shorter 1-h light pulse to assess the interaction
between intensity and spectrum to minimize saturating the phase
resetting response, which could otherwise prevent observing any

potential interactions. Given our findings, future studies are
required to investigate a possible three-way interaction between
spectrum, intensity and duration. Additionally, future studies are
needed to assess whether the underlying neural and molecular
responses differ between low- and high-intensity spectrally tuned
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lighting. Recent studies suggest that divergent neural pathways
exist for NIF responses (Rupp et al., 2019), and phase resetting
response mechanisms may differ based on the duration of the
stimulus (Najjar and Zeitzer, 2016; Kaladchibachi et al., 2019;
Kronauer et al., 2019), which may also be the case for intensity.

Previous work has shown that ∼6-h light pulses generate
the largest magnitude of phase delays (Comas et al., 2006).
Moreover, photoreceptor contribution to phase resetting changes
dynamically with exposure duration (Gooley et al., 2010). The
relative contribution of cones and ipRGCs are similar at the start
of a long duration continuous light exposure but start to differ
significantly ∼1.6 h after the onset of the light exposure. Results
from a short duration (∼1 h) stimulus cannot always be extended
to a long duration stimulus (∼7 h); therefore, we also tested
the phase resetting response to filtered and unfiltered lighting
in response to a 7 h light pulse. We observed comparable ∼40–
50% reductions in phase resetting following the high-irradiance
FL condition compared to the UL condition using both a 1-h
and 7-h light pulse duration. This suggests that the efficacy of
blue depletion in attenuating phase shifts is preserved under long
saturating photic stimuli.

Our study shows that filtering short wavelengths modulates
phase resetting via the canonical molecular pathway that
mediates light-induced phase shifts. Temporal and spatial
expression patterns of c-FOS, a reliable marker of light exposure-
induced SCN activation, showed a significant reduction in
SCN activation in response to high-irradiance FL compared
to UL exposure. As expected, c-FOS induction was most
prominent in the retino-receptive core region, with significant
decreases at 0 h and 2 h following FL in both the proportion
of c-FOS immunoreactivity as compared to UL exposure.
Similar reductions of c-FOS expression levels were reported
in melanopsin deficient mice, displaying a ∼50% reduction in
c-FOS immunoreactivity immediately following a high irradiance
1-h light pulse (Tsai et al., 2009).

It is well established that the magnitude of photic phase
resetting is correlated with increases in Per1 and Per2 expression
levels in the SCN (Akiyama et al., 1999; Wakamatsu et al.,
2001; Tischkau et al., 2003). A recent study showed greater
expression of Per1, Per2, and Fos mRNA in the SCN following
a 1-h exposure of monochromatic blue light (λmax 470 nm)
compared to green light (λmax 530 nm), and that this blue
light induction was melanopsin-dependent (Pilorz et al., 2016).
This is consistent with the reduction in Per1 and Per2 gene
expression in the SCN observed in the current study following
high-irradiance FL compared to UL exposure. In response to
a phase-delaying light pulse, Per1 upregulation was localized
within the SCN core region, whereas Per2 mRNA was distributed
more uniformly throughout the SCN core and shell, as previously
reported (Yan and Okamura, 2002).

Both PER1 and PER2 proteins exhibit similar circadian
oscillations, reaching peak levels during the early subjective
night in the dorsomedial shell region and gradually falling
to nadir levels in the late subjective night to early subjective
day, as reported previously (Field et al., 2000; Yan and Silver,
2004) and observed in this study (Figure 5). Additionally,
PER1 protein levels increase in the SCN ∼4–9 h following a

light pulse administered during the subjective night (Harmar
et al., 2002; von Gall et al., 2003; Yan and Silver, 2004);
however, conflicting results have been reported for PER2,
including minimal to increased changes in expressive levels
(Field et al., 2000; Harmar et al., 2002; Yan and Silver,
2004). This suggests that only light-exposure induced increases
in PER1 are essential in phase resetting. We found light-
evoked increases of PER1 expression in the retino-receptive
core 8 h following high-irradiance UL exposure, but not
under FL exposure. Considering the substantial variability in
the delay of light evoked PER1 induction (∼4–9-h) in the
SCN, it is possible that filtered and unfiltered light exposure
have differential dynamics in PER1 protein induction which
warrants further investigation to assess this response dynamic.
Moreover, low-irradiance filtered light did not reduce behavioral
phase shifts, however, future studies are needed to explore
photic-induced molecular responses in the SCN under low-
irradiance conditions.

Running-wheel activity is a reliable and widely used measure
of circadian phase in rodent studies, although there are many
behavioral and physiological measures that exhibit daily rhythms.
The SCN uses different signaling pathways for locomotor and
endocrine rhythms (Meyer-Bernstein et al., 1999), and the
use of filtered and unfiltered lighting may differentially affect
these measures. Thus, it would be interesting to associate our
findings with endocrine outcome measures in future studies.
While the rat provides an excellent model to examine the
mechanistic aspects of spectral tuning, caution must be exercised
in translating our findings to humans. While our findings
suggest an effective countermeasure for evening and/or nocturnal
light exposure on human sleep and circadian physiology, the
effects of blue-depleted light on phase advances needs to be
assessed in humans. The phase response function in humans
is asymmetric with larger phase delays than phase advances
(Khalsa et al., 2003; St Hilaire et al., 2012; Ruger et al.,
2013) and both phase advances and delays are critical for
designing an effective tool for optimizing circadian adaptation.
Nevertheless, our findings provide needed insight on the acute
and phase resetting photobiologic responses of blue depleted
polychromatic light.

In summary, we demonstrate that filtering visual short
wavelengths from high irradiance polychromatic light reduces
circadian phase resetting. Furthermore, we show that this
corresponds to regionally specific decreases in photic-induced
molecular responses in the SCN, including c-FOS and core clock
expression. This spectral tuning did not have the same efficacy
on phase resetting of circadian behavioral rhythms under low
irradiance levels. In a broader context, these findings should help
direct future lighting designs to consider both wavelength and
irradiance manipulations when employing spectral optimization
to minimize circadian disruption in response to light at night.
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