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Abstract

The circadian system evolved under natural light-dark cycles, while modern humans spend much of their time indoors under
electric lighting that differs substantially from daylight in intensity, spectral composition, and temporal structure. How such
lighting environments influence the circadian system has not been systematically examined in a diurnal animal model under
ecologically relevant conditions. In this study, we used the diurnal Nile grass rat (Arvicanthis niloticus) to assess daily locomotor
rhythms across 4 lighting conditions designed to approximate common human exposure scenarios: rectangular daylight (D65-R;
~56001lux), semi-sigmoidal daylight mimicking natural intensity dynamics (D65-S; matched peak intensity with ~50% lower
cumulative energy), fluorescent indoor light (FI12; ~150lux), and fluorescent light supplemented with a 1-h midday daylight
pulse (F12+ D65-P). Using a within-subject design (n=8), male grass rats were housed under each condition for 2 weeks.
D65-R produced the highest daytime activity levels and the strongest day-night activity ratio, consistent with robust circadian
entrainment. Despite matching peak intensity, D65-S did not yield comparable circadian outcomes, indicating that cumulative
photon exposure, rather than peak intensity alone, contributes to entrainment strength. Notably, the addition of a |-h midday
daylight pulse (D65-P) partially increased circadian amplitude under otherwise fluorescent conditions, with higher periodogram
amplitude relative to F12 alone. A separate cohort of males was exposed to D65-R or FI2 for 6 weeks (n=10/condition)
to assess physiological outcomes, including metabolic and reproductive measures. Compared with the D65-R group, the
F12 group showed a higher diabetic rate (10% vs. 40%) and reduced sperm motility (456 vs. 19 %), consistent with
potential downstream correlates of circadian rhythm disruption. Together, these findings demonstrate that lighting conditions
characteristic of indoor environments produce weaker circadian organization than daylight-equivalent lighting in a diurnal
rodent, which underscore the importance of light quality in shaping circadian rhythms and downstream physiological processes.
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downstream physiology (Dauchy et al., 2015; Lucas et al,,
2014; Roenneberg and Merrow, 2016; Wright et al., 2013).

Within the biological rhythm research community, there
is growing concern that typical indoor electrical lighting pro-
vides insufficient zeitgeber strength for robust circadian
entrainment (Miinch et al., 2020). Adverse health effects
linked to inadequate daylight exposure — whether directly or
via circadian misalignment — range from sleep problems and
impaired daytime functioning to increased prevalence of
depression, obesity, diabetes, and cardiovascular disease
(Burns et al., 2021; Foster and Wulff, 2005; Landvreugd
et al,, 2025; Maywood et al., 2006; Rijo-Ferreira and
Takahashi, 2019). Wirz-Justice et al. (2021) have empha-
sized a gap between the importance of daylight for human
well-being and the amount of controlled research on the sub-
ject, while a recent international Delphi consensus formal-
ized 26 evidence-based public health statements on the
non-visual effects of light, underscoring the need for trans-
latable experimental evidence (Spitschan et al., 2025).
Collectively, these reports call for controlled studies compar-
ing ecologically relevant lighting paradigms — not just bright
versus dim but also outdoor-equivalent versus indoor-equiv-
alent — in appropriate animal models.

The paucity of animal research on the effects of natural
daylight likely reflects 2 major challenges: light sources that
faithfully mimic natural daylight and appropriate animal
models with human-like light responses. In the present study,
we overcome these challenges by using a spectral light emu-
lator to generate daylight-equivalent full-spectrum illumina-
tion and a diurnal rodent model, the Nile grass rat (Arvicanthis
niloticus), that responds to light in a manner similar to
humans, that is, exhibiting increased wakefulness and alert-
ness during light exposure. The spectral light emulators and
their technical specifications have been described previously
(Kim et al., 2023). The effects of emulated daylight were
evaluated using Nile grass rats, a well-established diurnal
model that has been used in research areas including circa-
dian rhythms and sleep, diabetes, and seasonal affective dis-
order (Jiang et al., 2024; Subramaniam et al., 2018; Yan
et al., 2019; Yan et al., 2020). Compared to commonly used
laboratory rodents that are nocturnal, that is, active mostly at
night, Nile grass rats are active mostly during the daytime,
therefore providing higher translational relevance for human
circadian physiology and responses to lights (Jiang et al.,
2024; Yan et al., 2020).

In previous studies, grass rats housed under dim light dur-
ing the day developed increased depression-like behaviors,
impaired spatial memory, disrupted sociosexual behavior, and
had poor sleep quality compared to those housed in bright
light — paralleling symptoms of seasonal affective disorder in
humans (Ikeno et al., 2016; Leach et al., 2013; Lonstein et al.,
2019; Soler et al., 2018; Soler et al., 2019; Tamogami et al.,
2026). Bright light therapy reversed these effects and upregu-
lated the orexin/hypocretin system, a neuropeptide network
critical for arousal and mood (Costello et al., 2023; Costello

et al., 2026). Grass rats have also been used as a model for
type 2 diabetes, as they can develop diet-induced diabetes
when fed on a conventional laboratory rodent chow (Chaabo
etal., 2010), but they are protected from diabetes when main-
tained on a high-fiber diet (Toh et al., 2021). Unlike diet-
induced obesity mouse models, which are characterized
primarily by insulin resistance with only modest levels of
overt hyperglycemia, diabetic grass rats can advance to com-
plications in the heart (Schneider et al., 2018), eye (Ranaei
Pirmardan et al., 2021; Toh et al., 2019), kidney (Naseri et al.,
2024), and nerve (Singh et al., 2018), more closely recapitu-
lating the natural history of human type 2 diabetes. These
findings collectively support the use of Nile grass rats to
investigate how indoor and outdoor lighting differentially
regulate daily rhythms and physiological outcomes including
metabolic regulation and reproductive function.

A key design consideration of the present study was the
selection of lighting conditions as a rank-ordered set of eco-
logically relevant paradigms, that is, controlled analogs of
real-world human lighting environments spanning the out-
door-to-indoor continuum. This approach was intended to
maximize downstream translatability, as the conditions map
directly onto scenarios encountered by humans in the built
environment, design programming for architects, indoor
environmental quality metrics tracked by building scientists,
and exposure paradigms tractable for public health assess-
ments. Recent work by Bano-Otalora et al. (2021) in the
diurnal rodent Rhabdomys pumilio demonstrated that bright
daytime light enhances circadian amplitude in suprachias-
matic nucleus electrical activity under stable entrainment,
which underscores the importance of testing graded daytime
lighting conditions in diurnal species. In the present study,
daily locomotor rhythms were examined under 4 sequential
lighting conditions, and physiological outcomes were
assessed in a separate cohort. The study represents an initial
step toward building the comparative evidence base that the
health science nexus downstream requires.

Methods

Animals

Nile grass rats (4. niloticus) were obtained from a breeding
colony at Michigan State University (Yan et al., 2020).
Animals in the colony were kept in a 1410-h LD cycle with
lights-on at 0600 h and lights-off at 2000 h, defined as zeitge-
ber time (ZT) 0 and 14, respectively. Light was supplied by
ceiling lights (GE Current, Boston, MA, USA; 14BDTS8/
G4/840, 4000 k); illuminance was around 300 lux in the cen-
ter of the room. Food (Prolab 2000 #5P06; LabDiet, Gray
Summit, MO, USA) and water were available ad libitum.
A metal hut was provided in each cage for shelter and enrich-
ment. All experimental procedures followed the guidelines
of the National Institutes of Health (NIH) Guide for the Care
and Use of Laboratory Animals (NIH Publication No. 80-23)
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Figure |. Lighting conditions in the study. (a) Spectral irradiance measurements for the D65 and F12 conditions. (b) The 1410-h light-
dark paradigms with 4 different daytime light conditions: rectangular D65 (D65-R), a semi-sigmoidal D65 (D65-S), FI12, and F12 with

a |-h D65 pulse at midday (FI12 + D65-P). (c) Irradiance of D65 and F12 was calculated in total and by individual photoreceptor type.
Melanopic EDI (mEDI) and photopic illuminance in the right columns are human-centric measures and were included for reference

purposes only.

and were approved by the Institutional Animal Care and Use
Committee of Michigan State University.

Daytime Lighting Conditions in the Study

The experimental animals were housed in different daytime
light conditions (Figure 1), provided by a spectral light emu-
lator (Telelumen Inc., Moorpark, CA, USA) installed above
each cage. The custom 8-channel spectral light emulators are
equipped with 6 narrowband and 2 broadband light-emitting
diodes (LEDs) that cover the wavelength range of 360-
658 nm to provide appropriate spectral fidelity to stimulate
all known rodent retinal photopigments, including ultraviolet
(UV)-type S-cones. Seven channels were specified for phot-
opigment stimulation, and 1 red channel, outside the rodent
photopigment response range, was included to facilitate sub-
jective-night experimental procedures. The emulators incor-
porate pulse width dimming (up to 1000:1) and a frame-rate
control (up to 1 Hz), enabling precise modulation of intensity

and temporal dynamics (Kim et al., 2023). The emulators
were operated at approximately 85% of maximum rated out-
put to preserve LED longevity over the multi-month experi-
mental period.

Two spectra were used, the International Commission on
[llumination (CIE) standard illuminant daylight 6500K
(D65) and the CIE standard illuminant fluorescent #12 (F12),
to simulate typical outdoor and indoor light conditions,
respectively (Figure 1a). D65 is the CIE standard illuminant
for average natural daylight, a broad reference for the spec-
tral composition of natural daylight. The intensity of D65
used in the present study (~5600 lux) matches the operative
definition of “overcast daylight,” which is heavily diffuse
sunlight filtered through standard cloud cover, ranging from
about 1000 to 10,000 lux (Egan and Olgyay, 2001; Reinhart,
2020; Wirz-Justice et al., 2021). The emulated daylight of
D65 at ~5600 lux is hereafter referred to as “daylight.”

Four housing conditions (Figure 1b), all set to a 14: 10 hr
LD cycle, were tested as follows: (1) D65-R (rectangular
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daylight): D65 at ~56001lux intensity throughout the day,
serving as the control condition and representing a sustained
outdoor overcast daylight condition. (2) D65-S (semi-sig-
moid daylight): D65 gradually reaching peak intensity of
~5600 lux at midday, then dimming to complete darkness by
the end of the day, modeling the natural dynamic of daylight
brightness. Peak intensity was matched to D65-R, but the
sinusoidal envelope delivered approximately 50% less total
energy over the subjective day. (3) F12 (fluorescent indoor):
F12 at ~150 lux throughout the day, representing the standard
illuminance design target for modern office spaces domi-
nated by electrical lighting. (4) F12 + D65-P (fluorescent
with midday daylight pulse): the same F12 condition with a
1-h D65 pulse (~5600 lux) at midday, simulating the experi-
ence of an office occupant who steps outside for a 1-h walk
during lunch.

Light was measured using a calibrated spectroradiometer
(MSC15; Gigahertz-Optik, Tirkenfeld, Germany) at the bot-
tom-of-cage level. The photic input for each rodent photore-
ceptor type was calculated using the Rodent Toolbox v.2
(Lucas et al., 2023), and corresponding human-centric phot-
opic illuminance and melanopic equivalent daylight illumi-
nance (mEDI) lux values were calculated using the CIE S
026 oa-opic Toolbox (CIE, 2020), as described previously
(Kim et al., 2023), and reported in Figure 1c.

Experiment I: Impact of Daytime Light
Conditions on Daily Locomotor Activity

Male grass rats (3-4 months old, n=8) were singly housed
under 4 lighting conditions described above sequentially.
Following the first 5days of the habituation period, the ani-
mals were housed in each condition for 2 weeks. In-cage
locomotor activity was monitored continuously using an
Actimeter system and an Internet of Things sensor platform
(Geocene Inc., Berkeley, CA, USA) as in previous studies
(Kim et al., 2023). Locomotor activity data were processed
using ClockLab (Actimetrics, Inc., Lafayette, IN, USA) to
generate actograms and for quantitative analysis. A higher
level of activity (~30%-40% increase) was observed on each
Thursday and Friday likely due to the weekly cage change on
Thursday in the late afternoon; therefore, those 2 days in
each week were excluded for the analysis of daily activity
and rhythms. For the 2-week period under each condition,
10 days of data were used to analyze daily activity, amplitude
of periodograms, day-night activity ratios, and entrainment
precision defined as the standard deviation of the day-to-day
variability of activity onset and offset, as described previ-
ously (Leach et al., 2013). A single-component (24 h) cosinor
model was also fit to each animal’s daily activity by ordinary
least squares to derive the Midline Estimating Statistic of
Rhythm (MESOR), amplitude, and acrophase (Nelson et al.,
1979; Cornelissen, 2014). Rhythm regularity and fragmenta-
tion were further characterized by inter-daily stability and
intra-daily variability (Van Someren et al., 1999).

Experiment 2: Impact of Daytime Light
Conditions on Physiological Outcomes Relevant to
Metabolic Regulation and Reproductive Function

A separate cohort of male grass rats (3-4months old) was
housed in either D65-R or F12 as in experiment 1 (n=10/
condition) for 6 weeks, followed by the assessment of physi-
ological outcomes including body weight, blood glucose
level, weight of perigonadal fat pad/white adipose tissue,
weight of testis and epididymis, sperm concentration, and
motility. To ensure all the measurements were taken within
the same time window 0900-1000h (ZT3-ZT4), samples
were collected in 2 days. Animals were euthanized with CO,
at 20% of the chamber volume per minute for 4-5min until
cessation of breathing, which was consistent across animals,
immediately followed by the measurement of body weight
and blood glucose measures from the right atrium using a glu-
cometer (GoChek2, MicroTech Medical, Silicon Valley, CA,
USA). Perigonadal fat pad, testes, seminal vesicles, and epi-
didymis were dissected and weighed. Epididymis collected
from each animal was kept on a 40°C heating pad while
transported to another building on campus for sperm analysis.
Epididymis collected from the first day was excluded due to
technical reasons, and only the tissue/data from the second set
(n=>5/condition) were used for the sperm analysis.

Sperm Analysis

Sperm were isolated by incision of the cauda epididymis in 1
mL mKRB medium (in mM: 94.6 NaCl, 4.8 KCl, 1.7 CaCl,,
1.2KH,PO,, 1.2 MgSO,, 20 HEPES, 5.6 glucose, 0.5 sodium
pyruvate, pH 7.4 adjusted at 37°C with NaOH) prewarmed
at 37°C. After a 15-min swim-out at 37°C, sperm were
diluted 1:50 in mKRB medium, and 25 pL of sperm suspen-
sion was loaded on a 100-uM Leja slide (Hamilton Thorne)
and placed on a microscope stage at 37°C. Sperm motility
was assessed using computer-assisted sperm analysis
(CASA) via a Hamilton Thorne digital image analyzer
(IVOS II; Hamilton Thorne Research, Beverly, MA, USA)
with the following parameters: 30 frames, a frame rate of
60Hz, and a cell size of 30-170 um?. Sperm movements of
10 fields of at least 1000 sperm were examined. Sperm were
considered motile when presenting straightness (STR)
=80% and average path velocity (VAP) =5 um/s and were
considered progressively motile when presenting STR
=80% and VAP =50 pm/s.

Quantification and Statistical Analysis

Locomotor activity and rhythm parameters were computed
in Python using custom scripts built on the NumPy, SciPy,
and pandas libraries. Statistical analysis was performed
using the pingouin and statsmodels packages. The effects of
lighting condition on locomotor activity and rhythm param-
eters were evaluated by 1-way and 2-way repeated-measures
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Figure 2. Actograms of all 8 animals showing daily rhythms of locomotor activities under each light condition. Animals were first
entrained under D65-R, next D65-S, then F12, and finally FI2 + D65-P. Numbers shown on the actograms represent the day-night

activity ratio under each light condition.

analysis of variance (ANOVA), with light condition and,
where applicable, time or phase (day vs. night) as within-
subject factors. These analyses were applied to the hourly
activity profiles, total day and night activity, periodogram
amplitude, the day-night activity ratio, MESOR, amplitude
and acrophase in cosinor fitting, entrainment precision, inter-
daily stability, and intra-daily variability. Significant effects
of lighting condition were followed by the Holm-corrected
post hoc pairwise comparisons. For the physiological out-
comes, unpaired ¢ tests were used to compare body weight,
perigonadal white adipose tissue, blood glucose, sperm con-
centration, and motility between the D65-R and F12 lighting
conditions. Statistical significance was set at p < 0.05.

Results

Impact of Daytime Light Conditions on Daily
Locomotor Activity

A clear diurnal pattern was observed in all 8 animals, with
more activity during the light phase than in the dark phase

(Figure 2). Comparing the 4 different housing conditions, the
overall activities appeared to be higher in D65 conditions
than in the F12 conditions in most of the animals. In the last
condition of F12, a distinct bout of higher activity during the
1-h D65 exposure around noon was observed in all 8 animals.
The impact of light conditions on daily locomotor activity
was confirmed by quantitative analysis (Figure 3). Comparing
the hourly activity profile under the 4 lighting conditions
(Figure 3a), a 2-way repeated-measures ANOVA revealed a
significant effect of light condition (£}, =4.7, p<<0.05), a
significant effect of time (F; ¢, =22.17, p<0.01), and a sig-
nificant interaction between the 2 factors (F 69,483 0-20,
»<0.05). One-way ANOVA revealed a significant effect of
light condition in most hours during the day (at 7 and 17,
p<0.05; from 8 to 16, p<<0.01), but not in any of the night
hours (p > 0.05). Total activities during day and night in the 4
conditions showed a similar pattern (Figure 3b). A 2-way
repeated-measures ANOVA revealed a significant effect of
phase (day vs. night, /|, ,=35.32, p<<0.001), a significant
effect of light condition (£} ,,=5.09, p<0.01), and a signifi-

cant interaction between the 2 factors (£} 5, =6.59, p<0.01).
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Figure 3. Quantitative analyses of daily activity under each condition including: (a) daily activity in hourly bins; (b) total activity in day
and night; (c) amplitude of periodogram; (d) day-night activity ratio; (e, f, g MESOR; amplitude and acrophase of a cosinor analysis;

(h) onset precision; (i) inter-daily stability; and (j) intra-daily variability. Data are shown as mean = SEM (n=8). Open circles in bar
graphs represent the individual data points. #p < 0.05 indicates a significant effect of condition in repeated-measures ANOVA. *p < 0.05
indicates a significant difference in Holm-corrected post-hoc pairwise comparison.

A repeated-measures ANOVA showed a significant effect of
lighting condition only during the day (F; ,, =9.36,p < 0.001),
but not at night (#;,,=0.38, p=0.76). Post hoc pairwise com-
parison of activities during the day revealed higher activity in
D65-R than in the other 3 conditions (p <0.05 in all 3 cases).
The amplitude of periodogram and the day-night activity ratio
were used to assess the robustness of the daily rhythms. Light
condition had a significant effect on the amplitude of periodo-
gram (Figure 3c, repeated-measures ANOVA, F, =3.09,
p <0.05), with the amplitude in F12 + D65-P higher than that
in D65-S (p <0.01). Lighting condition also had a significant
effect on day-night activity ratio (Figure 3d, F;, =3.08,

p<<0.05), with a significant difference between D65-R and
F12 (p<0.01) and a marginally significant difference
between F12 and F12 + D65-P (p=0.08). A cosinor fitting
analysis revealed a significant effect of light conditions on the
MESOR (Figure 3e, F;, =4.67, p<0.05), amplitude (Figure
3f, F;,,=6.65,p=0.01), and acrophase (Figure 3g, F;, =2.3,
p<0.05) of the daily rhythm. The amplitude in F12 was sig-
nificantly lower than that in D65-R (Figure 3f, p <0.05), with
acrophase significantly later than the 2 D65 conditions
(Figure 3g, p <0.05). There was no significant effect of light
condition on the precision of activity onset (Figure 3h) or off-
set (data not shown). Inter-daily stability in the F12 + D65-P
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condition was significantly higher than in D65-S (Figure 3i,
»<0.05), and marginally higher than that in F12 (p=0.06).
Intra-daily variability appeared to be lower in the D65 condi-
tions than that in the F12 conditions (Figure 3j), but the effect
did not reach statistical significance.

Impact of Daytime Light Conditions on Metabolic
Outcomes

There were no significant differences in body weight (Figure
4a), perigonadal white adipose tissue (Figure 4b), or blood
glucose level (Figure 4c) between the 2 groups housed in
either the D65 or F12 condition for 6 weeks. Blood glucose
level showed a clear dichotomy (Figure 4c). Although most
animals had glucose levels below 150 mg/dL, 5 out of 20 ani-
mals had glucose measurements in the 400-500 mg/dL range,
suggestive of a diabetic state (Subramaniam et al., 2018).
Four out of the 5 diabetic animals are from the F12 housing
condition.

Impact of Daytime Light Conditions on Sperm
Production and Maotility

Sperm counts between the 2 groups were not different
between the 2 conditions (Figure 5a), suggesting that sper-
matogenesis is unaffected by the lighting conditions.
However, both the percent of motile (Figure 5b, p<0.01)
and progressively motile sperm (Figure S5c, p <0.05) was
significantly lower from animals in the F12 housing condi-
tions than in the D65-R housing conditions, revealing a so far
undetected effect of lighting on sperm function.

Discussion

The present study examined the effects of ecologically rele-
vant lighting conditions on daily locomotor rhythms and
physiological outcomes in a diurnal rodent model. The loco-
motor activity results revealed that (1) emulated daylight
(D65) produced more robust diurnal activity patterns than
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fluorescent light (F12) at typical indoor illuminance; (2) a
sinusoidal D65 intensity profile (D65-S), despite matching
D65-R in peak intensity, did not produce equivalent rhythm
outcomes; and (3) a single 1-h midday D65 pulse superim-
posed on F12 (F12 + D65-P) partially rescued daily rhythm
amplitude (Figures 2 and 3). Physiological outcomes were
compared between animals housed in either D65-R or F12,
which showed that diabetic (non-fasting blood glucose
>200mg/dL) animals were asymmetrically concentrated in
the F12 than in the D65 condition, 40% versus 10% (Figure
4), and sperm motility was significantly reduced in the F12
than in D65-R (Figure 5).

Lighting Conditions as a Rank-Ordered
Translational Framework

A deliberate design feature of this study was the selection of
lighting conditions as a graded, rank-ordered comparison
across the outdoor-to-indoor continuum: sustained outdoor
light condition (D65-R), outdoor light with naturalistic tem-
poral dynamics (D65-S), a standard electrically lit office
(F12), and an office worker’s day punctuated by a midday
outdoor walk (F12+ D65-P). By anchoring conditions to
CIE standard illuminants (D65 and F12), internationally rec-
ognized spectral reference points, the present results can be
contextualized across laboratories and translated into the
photometric terms used in the lighting and building indus-
tries. This is consistent with the use-inspired basic research
framework (Stokes, 1997), in which fundamental questions
about circadian photoreception are pursued with attention to
the translational pathway.

It is worth contextualizing the intensity used here against
the full range of sunlight. The ~5600 lux delivered in the D65
conditions sits at the range of overcast daylight, well below
the 100,000-120,000 lux of direct sun. Even at this overcast
daylight level, it produced significantly higher diurnal activ-
ity and rhythm amplitude than fluorescent light (F12) at
1501ux. The effects reported here therefore likely understate
what sunlight would produce, and the biological gap between
typical indoor and outdoor lighting is, in practice, larger than
these data capture.

The relatively lower intensity in D65 likely also contrib-
uted to individual differences in the light responses that sun-
light would provide. Although the majority (6 out of 8)
showed a higher level of activity in D65-R than in F12, 2 of
them (#5 and #7 in Figure 2; Supplemental Figure 1) had a
comparable level of activities between the 2 conditions. It is
noteworthy that in the present study, all animals progressed
through light conditions in a fixed order without counterbal-
ancing. Therefore, we cannot rule out the possibility that the
reduction in activity from D65-R to later conditions in some
of the animals reflects age-related decline or other unmea-
sured environmental influence. However, in a previous study
in which grass rats were initially housed in F12 and then

switched to D65-R, daytime activity was also found to be
higher in D65-R than in F12 (Kim et al., 2023). Together,
these findings are consistent with the interpretation that grass
rats exhibit a higher activity level under daylight-equivalent
lighting than under indoor fluorescent light.

Dé65-R Versus D65-S: The Role of Cumulative
Photon Dose

Following the D65-R condition, the D65-S condition was
designed to mimic the natural temporal envelope of daylight,
with gradual dawn, peak noon intensity, and gradual dusk.
The circadian system evolved under precisely this kind of
graded intensity profile, and researchers have hypothesized
that twilight transitions serve as chronobiological signals in
their own right (Danilenko et al., 2000; Roenneberg and
Foster, 1997). In Syrian hamsters, simulated twilight transi-
tions expand the range of entrainable periods and enhance
the precision of activity timing relative to rectangular cycles
delivering equivalent total photon doses (Boulos et al., 1996;
Boulos and Macchi, 2005). This effect likely reflects the
temporal structure (Usui, 2000) and spectral dimension
(Spitschan et al., 2017; Walmsley et al., 2015) inherent to
twilight, which provides circadian timing cues independent
of total energy or brightness.

In the present study, the D65-S condition did not outper-
form D65-R on any measured parameter of rhythm robust-
ness or precision. It is noteworthy that D65-S delivered
approximately 50% less cumulative radiant energy than
D65-R over the subjective day. The data therefore suggest
that cumulative photon dose may matter as much as, or more
than, the temporal shape of the intensity profile. In other
words, the circadian system may integrate light exposure
over time in a manner that gives substantial weight to total
energy, not just peak intensity. This aligns with independent
electroencephalographic evidence in the same species, where
daytime wakefulness rose stepwise across 150, 300, and
10001lux and daytime sleep fell accordingly (Tamogami
etal., 2026). If more light buys more wakefulness in a graded
fashion, then a profile that delivers half the total energy, as
D65-S did, would be expected to come up short, which is
what was observed.

Another important consideration is that the D65-S condi-
tion reproduced the intensity trajectory of twilight but not its
spectral (chromatic) changes, unlike earlier studies using
natural outdoor daylight (Daan and Aschoff, 1975). Given
evidence that the circadian system is sensitive to the chro-
matic signature of twilight (Mouland et al., 2019; Walmsley
etal., 2015), a fixed spectrum may not capture the full stimu-
lus underlying twilight’s reported potency. The literature on
twilight is derived largely from nocturnal models, and it
remains unclear whether twilight sensitivity and dose inte-
gration operate similarly in diurnal mammals. Caution is
warranted, as comparative studies indicate that twilight does
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not function as a uniformly stronger zeitgeber across species.
For example, nocturnal mice and hamsters respond to
matched twilight conditions in opposite directions (Comas
and Hut, 2009). Mechanisms characterized in nocturnal
rodents may therefore not generalize to diurnal species such
as grass rats. Elucidating how the circadian system responds
to twilight has practical significance for building design, as it
speaks to whether architects should prioritize sustained high-
intensity daylight, temporally graded exposure mimicking
dawn and dusk, full spectral emulation of twilight, or some
combination of the 3 approaches.

F12 and the Indoor Light Deficit

Under the F12 condition, diurnal activity levels and the day-
night activity ratio (Figure 3d) were significantly reduced
relative to D65-R, indicating a weaker distinction between
active and rest phases. The cosinor analysis further revealed
a lower amplitude in F12 than in D65-R (Figure 3f), and a
later acrophase in F12 than in both D65 conditions (Figure
3g), suggesting reduced rhythm robustness and a modest
phase delay under F12. These results are consistent with a
growing body of field dosimetry data quantifying the gap
between indoor lighting and circadian photostimulation
thresholds. The Brown et al. (2022) consensus recommended
a minimum daytime exposure of 250 mEDI. However, wear-
able dosimetry studies report that the median corneal-plane
mEDI in office settings is only 51 lux (Stefani et al., 2024),
with the mean inflated to ~300 only by brief outdoor spikes,
and no office building studied to date has met the 250 mEDI
threshold for the full working day (de Vries et al., 2025).
What the dosimetry data suggest by association, the present
study demonstrates by experimental manipulation in a diur-
nal mammalian model: standard indoor lighting produces a
measurably weaker circadian signal than outdoor lighting. In
addition, our previous work has demonstrated that spectral
composition matters independently of intensity: a daylight-
equivalent spectrum (D65) produced tighter circadian
entrainment than a fluorescent-equivalent spectrum (F12) at
matched melanopic irradiance, and direct S-cone stimulation
produced the greatest and longest-lasting wakefulness-pro-
moting effects (Kim et al., 2023). An important spectral con-
straint warrants discussion is that the F12 provides virtually
no stimulation of the UV-type S-cone in rodents but stimu-
lates S-cone pathways in humans, representing a potential
limitation for direct translational interpretation.

The Midday Daylight Pulse: A Partial Rescue

Following the midday light pulse, a distinct activity bout dur-
ing the exposure was visible in all 8 animals (Figure 2), con-
sistent with our previous finding of a brighter light—induced
increase in daytime activity, in which the highest increase in
activity occurred in the first hour, then gradually declined
toward the baseline in the 3rd hour of light exposure (Kim

et al., 2023). In the present study, a single 1-h midday expo-
sure of daylight (D65-P) was sufficient to partially restore the
amplitude of daily rhythms. The day-night activity ratio
(Figure 3c), along with the amplitude (Figure 3f) and acro-
phase (Figure 3g) of the cosinor fit, reached levels comparable
to those observed in D65 conditions. Beyond increasing activ-
ity level (positive masking), D65-P also improved synchroni-
zation of the daily activity rhythm, as indicated by a tighter
acrophase clustering (Figure 3g) and greater inter-daily stabil-
ity (Figure 3i). Besides the rhythm outcomes, a daily 1-h
morning walk outdoors or just spending more time outdoors
could produce greater improvement in depression self-ratings
than artificial light, indicating that leaving the building itself is
therapeutic (Rosenthal et al., 1984; Wirz-Justice et al., 1996).
The translational implication is straightforward: for a worker
housed under standard fluorescent lighting, even a brief mid-
day outdoor exposure may meaningfully improve circadian
health. This carries implications for workplace design, as well
as for public health messaging. The present study provides
controlled animal model evidence supporting what has been,
until now, primarily an observational claim.

Physiological Outcomes

Beyond circadian and mental health outcomes, natural day-
light has been shown to improve glucose control in individu-
als with type 2 diabetes (Harmsen et al., 2026) and increase
the success rate of in vitro fertilization (IVF; Vandekerckhove
et al., 2016). When grass rats were first brought to the labora-
tory, many became diabetic. Dietary change obviously could
be the main driving force, but the potential contribution of
switching from daylight in their natural habitat in East Kenya
near the equator to fluorescent light in the laboratory has
never been examined. The case for light as the culprit is not
without precedent: in another diurnal rodent, the sand rat, ani-
mals housed indoors under artificial light developed type 2
diabetes while those kept outdoors under natural conditions
on the same diet did not (Bilu et al., 2019). Nile grass rats
have been established as a model of type 2 diabetes
(Subramaniam et al., 2018). In this model, non-fasting ran-
dom glucose greater than 200 mg/dL is generally considered
as diabetic. A recent study has found that non-fasting, but not
fasting, blood glucose correlates with the oral glucose toler-
ance test outcome, supporting non-fasting glucose as a more
informative indicator of glucose metabolism and insulin sen-
sitivity (Anderson et al., 2023). The same study found no sig-
nificant hour-to-hour variation in non-fasting glucose across a
12-h interval from morning to early evening. Accordingly, in
the present study, blood glucose was measured in non-fasting
animals around midday. It is noteworthy that blood was col-
lected following CO, euthanasia, which may influence blood
glucose level. In a follow-up experiment, glucose was mea-
sured from the tail vein under isoflurane anesthesia in grass
rats housed under D65 or F12 conditions for 4 weeks. Diabetes
(glucose >200mg/dL) was detected in 1 of 7 animals in
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D65-R and 4 out of 8 in F12 (Supplemental Figure 2).
Together, these findings support daylight deficiency as a risk
factor for diabetes (Figure 4; Supplemental Figure 2). Indeed,
a recent study examined a cohort of type 2 diabetes patients
exposed at daylight through windows versus constant artifi-
cial lighting during office hours (Harmsen et al., 2026). It was
found that daylight exposure had a positive metabolic impact,
keeping blood glucose in the normal range and promoting
greater reliance on fat oxidation.

Studies on the effect of light conditions on sperm function
have focused mostly on photoperiod, in which a long photo-
period (16h) has been shown to improve sperm motility in
animals with or without a strong seasonal breeding pattern,
for example, rams (Zhu et al., 2024) or Sprague-Dawley rats
(Olayaki et al., 2008). Although effects of daylight have not
been directly studied in humans, exposure to brighter day-
light has been shown to increase the success rate of IVF
(Vandekerckhove et al., 2016). By analyzing nearly 10,000
cycles of IVF treatment, the live birth rate per cycle showed
a significant positive correlation with sunshine hours during
the month before the start of ovarian stimulation. The weather
conditions or sunshine hours had no significant effect on
spermatogenesis, which is consistent with our findings in the
present study (Figure 5a), although sperm motility was not
analyzed in the human study. Obviously, sperm is not the
only factor driving the pregnancy outcome; our findings in
the present study (Figure 5b and c) suggest indoor lighting or
deficiency in daylight exposure could have a negative impact
on male reproductive fitness.

Conclusion and Translational
Implications

More than a decade ago, Lucas et al. (2014) convened a
transdisciplinary group of neuroscientists, vision research-
ers, lighting engineers, building scientists, and public health
scientists to take what they called “the first important steps”
toward measuring light in a way that accounts for what the
human brain actually needs. The findings in the present study
demonstrate that ecologically relevant lighting conditions
differentially affect daily locomotor rhythms and physiologi-
cal outcomes in a diurnal rodent model. Emulated daylight
produced more robust daily synchronization than fluorescent
light, a brief midday daylight pulse partially rescued daily
rhythm amplitude, and hyperglycemia clustered among ani-
mals housed under fluorescent light. These findings provide
controlled experimental evidence supporting the hypothesis
that the indoor lighting environments in which most modern
humans spend their waking hours are suboptimal for circa-
dian function and, potentially, for metabolic and reproduc-
tive health. This study was conceived as use-inspired basic
research (Stokes, 1997), motivated by both fundamental sci-
entific questions and the practical needs of downstream
stakeholders. The choice of CIE-standardized illuminants,
the ecologically relevant condition hierarchy, and the

inclusion of physiological endpoints beyond locomotor
activity all reflect a deliberate effort to produce findings that
can travel the health science nexus: from basic chronobiol-
ogy, through building science, to public health guidance.
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