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Abstract

The circadian system regulates daily thythms in physiology and behavior, with light as its
primary entrainment cue. Modern light environments, characterized by decreased daytime light
and increased evening artificial light, have been linked to circadian disruption and various
health issues. This thesis investigated the effects of dim light in the evening (DLE) on circadian
rhythms in mice. We established that both acute and chronic exposure to DLE (20 lux, ZT12-
16) induces consistent phase delays in activity, sleep, and body temperature rhythms. This
maintenance of internal synchrony with temporal reorganization suggests a coordinated
realignment to the new dark onset. We observed sex-specific differences, with females showing
greater vulnerability to metabolic disruptions despite more robust rhythms. To explore
underlying mechanisms and discern the contribution of circadian disruption versus changes in
sleep state during the dim phase, we combined sleep deprivation during the dim phase with
transition to constant darkness. Animals free-ran from a delayed phase regardless of prior sleep
during the dim light, demonstrating that DLE directly entrains the circadian clock through
photic pathways independent of sleep state and masking effects. We then evaluated
interventions to attenuate DLE effects. Neither varying daytime light intensity (20-500 lux) and
supplementing violet light to target S-cone activation and melanopsin inhibition showed
significant impact. Blue-blocking filters were ineffective at standard illuminance (20 lux), but
significantly attenuated phase delays when combined with reduced light intensity (6 lux). These
findings establish that the circadian system remains sensitive to modest evening illumination,
with effects mediated through direct photic entrainment involving multiple photoreceptor
classes. Comprehensive approaches addressing both spectral composition and light intensity
may best mitigate the circadian impact of unavoidable evening light exposure. This work
contributes to understanding how modern light environments affect biological timing and

strategies to support circadian health.
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Chapter 1. An Introduction to Light and Circadian Rhythms

1.1. The Circadian System

Circadian rhythms (from the Latin “circa-diem”, meaning “about a day”) are natural 24-hour
cycles of physiological and behavioral changes that occur in all living things. Generated by an
internal timekeeping system, they keep organisms coordinated to day and night by entraining
to environmental cues called zeitgebers (from the German “time-giver”’) (Roenneberg et al.,
2003). From an evolutionary perspective, circadian rhythms represent a critical adaptation to
the natural 24-hour rotation of the Earth, which gives rise to the solar day. They provide the
ability to anticipate predictable rhythmic environmental changes, rather than merely responding

to them, thus conferring a significant selective advantage (Daan & Aschoff, 1982).

The daily fluctuation between light and darkness is the most conspicuous time cue, and in
mammals is the dominant zeitgeber. However, other signals such as food availability and
external temperature variations also have an influence on the regulation of circadian rhythms
(Refinetti, 2010; Tahara et al., 2017). Though the type and strength of zeitgebers vary between
organisms, when optimally aligned with the environment, the internal circadian system is in a
state of resonance whereby it reflects the world around it (West & Bechtold, 2015). Because
the circadian system has a period near, but not exactly 24 hours in most organisms, internal
rhythms entrain to the external environment on a regular basis (Duffy & Czeisler, 2009).
Without this daily entrainment, the internal clock would slowly drift out of alignment with the
external environment. The anticipation of our rhythmically changing world thus regulates every
aspect of our physiology and behavior, including sleep/wake cycles, feeding, and hormone

release (Fig. 1.1).

In humans, circadian rhythms coordinate numerous processes in preparation for expected
activities. For example, cortisol levels begin to rise in the early morning hours before

awakening, preparing the body for increased metabolic demands during the active phase
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(Weitzman et al., 1971). Similarly, body temperature follows a robust circadian pattern, rising
during the day and decreasing during the night, with the lowest values occurring approximately
two hours before habitual wake time, optimizing energy expenditure (Refinetti & Menaker,
1992). Gastrointestinal functions show circadian variation, with more rapid gastric emptying
and higher intestinal blood flow during the day, affecting drug absorption and nutrient
processing efficiency (Goo et al., 1987; Konturek et al., 2011). Perhaps most notably, cognitive
performance metrics, including reaction time, attention, and working memory, follow circadian
patterns that peak between late morning and early afternoon on average (Schmidt et al., 2007).
Finally, melatonin secretion, widely used as a circadian marker, begins to rise approximately
2-3 hours before habitual bedtime in properly entrained individuals (Cajochen et al., 2003).
These mechanisms illustrate the adaptive value of circadian rhythms in optimizing bodily

functions according to the 24-hour day.

00:00
midnight

02:00
21:00 deepest sleep
melatonin secretion /

sans N \ Eyes /

&
‘

18:00 — — 06:00 SCN

15:30
fastest reaction time \

10:00
peak in alertness

12:00
noon

Figure 1.1. Regulation of physiology and behavior by the circadian clock system. Daily
fluctuations in the day/night cycle are detected by the eye and transmitted from the
suprachiasmatic nuclei (SCN) to peripheral clocks throughout the body. This results in 24-hour
oscillations in hormone release, sleep/wake cycles, and metabolic functions among other
processes (adapted from Masri & Sassone-Corsi, 2018).
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1.1.1. Early Discoveries

The scientific understanding of circadian rhythms has evolved dramatically over time. In 1729,
astronomer Jean-Jacques d'Ortous de Mairan observed that mimosa plants maintained their
daily leaf movements even when kept in constant darkness, providing the first evidence of an
internal timing mechanism. Two centuries later, pioneering research by Curt Richter
demonstrated that rats maintained rhythmic feeding and activity patterns even without
environmental time cues, leading him to propose the existence of an internal “biological clock”

governing these behaviors (Richter, 1922).

In 1938, physiologist Nathaniel Kleitman and his student Bruce Richardson conducted a
groundbreaking experiment in Mammoth Cave, Kentucky. They lived in complete isolation
from environmental cues for a month, attempting to adopt a 28-hour day. While Richardson
successfully adjusted to this longer cycle, Kleitman could not, suggesting individual variability
in adaptation. This represented one of the first controlled studies of human circadian rhythms
in a natural environment devoid of temporal cues. They also uncovered an association between

fluctuations in body temperature and cognitive and physical performance (Hussey, 2023).

Building on this foundation, physician Jiirgen Aschoff conducted human isolation studies in
the 1960s. Volunteers lived for several weeks in purpose-built underground bunkers without
any time cues, revealing the presence of a self-sustained oscillator with a period slightly longer
than 24 hours. These experiments established the concept of “free-running” rhythms and led to
Aschoff's formulation of fundamental principles of entrainment (Aschoff, 1965). Similarly, in
1962, geologist Michel Siffre conducted a self-experiment by living in isolation in an
underground cave for two months without any temporal cues. His observations further revealed
that humans maintain a circadian period of approximately 24.5 hours even in the absence of
environmental time signals, offering strong evidence for an endogenous biological clock in

humans (Hussey, 2023).
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The molecular basis of these rhythms began to emerge in the 1970s when Seymour Benzer and
Ronald Konopka identified the first clock gene in fruit flies, which they named “period”
(Konopka & Benzer, 1971; Panda et al., 2002). They identified three distinct mutations of the
period gene that either shortened, lengthened, or abolished circadian rhythmicity in Drosophila,
demonstrating for the first time that a single gene could change the properties of circadian
rhythms. Concurrently, lesion studies in rats showed that a small paired structure in the
hypothalamus, the suprachiasmatic nuclei (SCN), were essential for the entrainment of
locomotor activity, drinking, and adrenal corticosterone rhythms to the light-dark cycle (Moore
& Eichler, 1972; Richter, 1971; Stephan & Zucker, 1972). As such, the SCN was found to

exhibit overarching control over the mammalian circadian system.

1.1.2. The Suprachiasmatic Nuclei

The SCN is recognized as the “master clock” within the brain. It receives direct environmental
input from the retina, and coordinates the other clocks found in tissues and organs throughout
the body. The peripheral oscillators, such as the heart, liver, and skin, in turn optimize local
physiology according to the demands of the day/night cycles. The SCN controls the timing of
peripheral clocks to maintain coherence in physiological and behavioral rhythms, which is
described as “internal synchronization” (Dibner et al., 2010; Mohawk et al., 2012). In this way,
the mammalian circadian system is considered hierarchical, with the SCN acting as a

pacemaker (Reppert & Weaver, 2002).

The SCN is referred to as the central pacemaker because its lesion results in the abolition of all
circadian rhythms, while transplantation of fetal SCN in arrhythmic animals whose own SCN
had been ablated re-establishes circadian rhythms (Lehman et al., 1987). The restored rhythms
follow the period of the donor genotype regardless of the host genotype, showing that period is
determined by cells in the suprachiasmatic region (Ralph et al., 1990). Additionally, individual

SCN neurons cultured in vitro show daily rthythms in electrical activity for several weeks (Buijs
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& Kalsbeek, 2001; Welsh et al., 1995). Extensive literature thus supports the central role of the

SCN in the mammalian circadian system.

The SCN is located within the anterior hypothalamus, above the optic chiasm. Light is detected
in the eye by photosensitive retinal ganglion cells (pRGCs), as well as rods and cones, which
convert detected photons into electric signals (Hattar et al., 2002; Hughes et al., 2016).
Environmental light information then travels via the retinohypothalamic tract (RHT) and
directly stimulates retinorecipient SCN neurons through the neurotransmitters glutamate and
pituitary adenylate cyclase-activating peptide (PACAP) (Chen et al., 1999; Ebling, 1996).
Glutamate acts via N-methyl-D-aspartate (NMDA) and amino-methyl propionic acid (AMPA)
receptors on retinorecipient neurons to trigger calcium influx (Ca?"), which activates
intracellular cascades involving calcium/calmodulin-dependent protein kinase (CaMK),
extracellular signal-regulated kinase (ERK), and cAMP response element-binding protein
(CREB), ultimately inducing expression of the Perl and Per2 clock genes (Colwell, 2011;
Impey et al., 1998). PACAP, acting through PACI receptors, modulates both calcium and
cAMP signaling pathways, influencing the magnitude and temporal gating of the photic

response (Hannibal, 2006).

The SCN is organized into functionally distinct subregions characterized by different
neuropeptide expression patterns, connectivity, and responses to environmental cues
(Abrahamson & Moore, 2001; Herzog et al., 2017; Morin, 2007). The ventrolateral region of
the SCN (the “core”) serves as the primary site of light input processing, with neurons
predominantly expressing vasoactive intestinal peptide (VIP) and gastrin-releasing peptide
(GRP). VIP-expressing neurons are particularly crucial for maintaining SCN function, as
genetic deletion of VIP or its receptors (VPAC2) results in disrupted circadian rhythmicity and
loss of synchrony between individual SCN cells (Aton et al., 2005; Harmar et al., 2002). In
contrast, the dorsomedial region of the SCN (the “shell”) serves as an output generator for the

circadian system, with neurons predominantly expressing arginine vasopressin (AVP) and
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neuromedin S (NMS) (Lee et al., 2015; Mieda et al., 2015). AVP-expressing neurons receive
minimal direct input from the retina, but are strongly influenced by signals from VIP-expressing
neurons (Ono et al., 2021). This communication occurs via both GABAergic synaptic
connections (which promote rather than inhibit synchronization in the SCN) and gap junction
coupling, which together maintain synchrony between SCN cells and coordinate circadian
output signals (Choi et al., 2008; Ono et al., 2018). Light-induced Per expression thus begins
in the core region and then propagates to the shell, creating a spatiotemporal wave of molecular
activation that is critical for coherent network oscillations (Hamada et al., 2004; Wen et al.,
2020). This well-defined neurochemical organization and the coupling between individual SCN

neurons are essential for photic entrainment (Hastings et al., 2018).

1.1.3. The Molecular Circadian Clock

The molecular basis of the circadian system resides in the interaction between genes and
proteins. A gene is a sequence of DNA that instructs for the synthesis of proteins. Proteins are
polypeptide molecules that serve diverse functions in the body, including structural support,
enzymatic catalysis, cell signaling, immune response, and transport. “Core” circadian clock
genes are genes essential for the initiation and regulation of circadian rhythms, whose feedback
loop is about a 24-hour cycle. Circadian output rhythms in most cells throughout the body
depend upon a core and an accessory transcription/translation feedback loop (TTFL), which
will here be simplified for clarity purposes (Buhr & Takahashi, 2013; Patke et al., 2020; Reppert

& Weaver, 2001).

The core TTFL is composed of the positive transcriptional activator complex formed by
CLOCK/BMALI heterodimers (proteins that join together to form paired structures), and the
negative CRY/PER repressor complex, which interact in a rhythmic manner. CLOCK
(Circadian Locomotor Output Cycles Kaput) and BMALI1 (Brain and Muscle ARNT-like 1)
heterodimerize and bind to E-box elements in the promoter regions of their target genes,

including the cryptochrome (Cryl and Cry2) and period (Perl and Per2) genes, thereby
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initiating their transcription. CRY and PER proteins accumulate and subsequently form a
repressor complex that inhibits CLOCK and BMALI transcriptional activity, thus repressing
their own transcription (Lowrey & Takahashi, 2011). This negative feedback is thought to allow
the CLOCK/BMALL activator complex to start a new transcriptional cycle approximately

every 24 hours (Eide et al., 2005).

The accessory loop, in which transcription factors bind to clock-controlled genes containing
regulatory elements other than the E-box, also contributes to the function of the circadian clock
system. The transcription factors REV-ERB (Reverse Erythroblastosis Virus) and ROR
(retinoic acid Receptor-related Orphan Receptor) bind to ROREs (ROR Elements) and
respectively repress, or activate, BMAL1 expression (Bellet & Sassone-Corsi, 2010). This
feedback loop thus has a substantial role in driving the rhythmic expression of Bmall.
Moreover, DBP (D site of albumin promoter-Binding Protein) is regulated by the
transcriptional activity of the CLOCK/BMALI complex, and activates the expression of genes
with D-box elements in their promoters. Although there are some tissue-specific differences in
this general molecular mechanism, together, these TTFLs regulate circadian rhythms in

mammals (Fig. 1.2).

It is worth noting that not all cell types possess functional TTFLs. Some cells, such as red blood
cells (erythrocytes), lack nuclei and therefore cannot maintain autonomous circadian
oscillations through transcriptional mechanisms. Instead, these cells rely on circadian signals
from other tissues or exhibit circadian rhythms through post-translational modifications

(Henslee et al., 2017; O'Neill & Reddy, 2011).

While mutations in most core clock genes alter period length or amplitude, deletion of Bmall
is the only single knockout (KO) that abolishes circadian rhythms in both the SCN and
peripheral oscillators (Partch et al., 2014). In contrast, Clock KO mice maintain relatively
robust circadian rhythmicity due to compensation by its paralog NPAS2 (Neuronal PAS domain

protein 2), which can functionally substitute for CLOCK by forming heterodimers with
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BMALI (Debruyne et al., 2006). Bmall, however, has no functional paralog capable of similar
compensation, making its expression essential for generating circadian rhythms throughout the

body (Ko & Takahashi, 2006).

promoters
CLOCK

rev- Wl
—

| rorE R

Figure 1.2. Schematic representation of the translation/transcription feedback loops regulating
the mammalian circadian system (adapted and simplified from Bellet & Sassone-Corsi, 2010).
The positive regulators CLOCK/BMALL activate clock-controlled genes (CCGs) with an E-
box promoter, including CRY and PER, which act as negative regulators of their own
transcription. CLOCK/BMALI also activate DBP and ROR, which control the expression of
genes with D-box and RORE elements in their promoters.

Clock genes are widely and rhythmically expressed. Research by Zhang and colleagues
examined gene expression data in 12 organs throughout the body and found that over 43% of
all genes in the mouse genome oscillate with a circadian rhythm, largely in an organ-specific
manner (Zhang et al., 2014) (Fig. 1.3). This tissue-specificity allows circadian timing to be
optimized for the unique functions of each organ, while maintaining overall temporal
coordination through the central pacemaker. The clinical relevance of these circadian
oscillations becomes evident when considering pharmacological interventions. Many

commonly prescribed medications target proteins that exhibit circadian rhythms in their
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expression or activity, suggesting potential benefits from timed administration (Dallmann et al.,
2014). For instance, allergic symptoms often show variation according to time of day, with
many allergy sufferers experiencing heightened symptoms in the morning. This temporal
pattern, combined with the sedative properties of certain antihistamines, motivates the
administration of such drugs in the evening period (Smolensky et al., 2016). These observations
have contributed to growing interest in chronotherapy, the strategic timing of treatments based

on the body's internal rhythms, as an approach to optimize drug efficacy.

Figure 1.3. Overlap between circadian genes, drug targets and genes associated with diseases
in the mouse genome (adapted from Zhang et al., 2014).
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1.1.4. Peripheral Oscillators

The widespread distribution of clock gene expression throughout the body highlights the
existence of a network of peripheral oscillators that operate outside the SCN. These peripheral
clocks, while sharing the same core molecular mechanism, generate tissue-specific rhythms
that optimize local physiology (Yamamoto et al., 2004). Unlike the robust and self-sustaining
central pacemaker, peripheral clocks require regular synchronization to maintain rhythmicity
and proper phase relationships with other clocks, as well as the external environment (Dibner
et al., 2010; Mohawk et al., 2012). The SCN coordinates peripheral clocks through multiple
pathways, including direct neural connections via the autonomic nervous system and hormonal
signals, particularly glucocorticoids (Brown & Azzi, 2013; Buijs & Kalsbeek, 2001; Cailotto

et al., 2005; Schibler et al., 2015).

While primarily synchronized by the SCN, peripheral oscillators can also independently entrain
to non-photic cues, such as feeding schedules. Time-restricted feeding can uncouple peripheral
clocks from the SCN, causing phase shifts in the liver, intestine, and kidney, without affecting
SCN rhythmicity (Damiola et al., 2000; Stokkan et al., 2001). This flexibility allows peripheral
tissues to adapt to changes in energy availability and metabolic demand independently of the

light-dark cycle (Lamia et al., 2008; Saini et al., 2013).

1.1.5. Circadian Responses to Light

The detection of light by the eye serves a dual purpose, not only facilitating vision but also
regulating circadian function (Foster & Hankins, 2007). Its impact on the circadian clock varies
depending on the timing, intensity, duration, and wavelength of the light exposure. Studies have
shown that the timing and intensity of the light stimuli influences the direction and magnitude
of the circadian system's response, with maximal sensitivity during the biological night (Duffy
& Czeisler, 2009). Depending on the phase in which an animal receives a light pulse, its

response varies. Because locomotor activity is thought to be a direct behavioral output of the
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central pacemaker, activity is a common assay for the disruption of circadian rhythms at the
SCN clock level. Daan & Pittendrigh found that a brief light pulse given early or late in the
subjective night causes phase delays or advances in activity, respectively, in multiple rodent
models (Pittendrigh & Daan, 1976a). Moreover, animals are insensitive to light pulses during
the subjective day, indicating the presence of a “dead zone” for phase shifting. The “phase
response curve” demonstrates how light exposure at different times of day affects circadian

phase shifts (Fig. 1.4).

+4 -
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Subjective day Subjective night
0 6 12 18 24
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Figure 1.4. Standard phase response curve for mammals (adapted from Kuhlman et al., 2018).
Light during the day does not lead to any changes in the circadian response. However, light
early or late in the night, respectively delays or advances the phase of circadian rhythms.

Interestingly, all mammals, both diurnal and nocturnal, show a broadly comparable phase
response curve with different magnitudes for the advance and delay portions. As such,
regardless of whether a subject is active or inactive during the day, light at dusk will have the
biggest effect in shifting behavior. Moreover, a study by Rahman and colleagues showed that
a single light exposure as short as 15 sec can shift circadian phase in humans (Rahman et al.,

2017). Remarkably, work by Heller and colleagues demonstrated that sequences of millisecond
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light flashes (as brief as 2 ms) can produce significant phase shifts when delivered at specific
intervals in both mice and humans (Van Den Pol et al., 1998; Zeitzer et al., 2014; Zeitzer et al.,
2011). These findings collectively highlight the particular temporal sensitivity of the circadian

system at night.

The circadian system also responds to light in a dose-dependent manner following a sigmoidal
irradiance-response curve (Fig. 1.5). Irradiance represents the radiometric measurement of light
intensity upon a surface, typically expressed in power e.g. W/m? (Foster et al., 2007b). As
irradiance increases, the magnitude of the phase shift increases until reaching saturation
(Nelson & Takahashi, 1991). This relationship has been demonstrated across different species,
with varying absolute sensitivities. For measurements of brightness relevant to human visual

perception, photometric units are commonly employed.
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Figure 1.5. Example of irradiance response curves and action spectrum (reproduced from
Hattar et al., 2010). A. Circadian phase shifting responses in rodless/coneless (rd/rd) mice
exposed to monochromatic light ranging from 420 to 580 nm, measured through wheel-running
behavior. B. Corresponding action spectrum for circadian photoentrainment, with a best fit
corresponding to the absorption profile of a photopigment peaking at 481 nm (dashed line).
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[luminance, or illumination, represents the amount of light falling on a surface (in power),
weighted according to human spectral sensitivity and expressed in photometric lux. This metric
differs from irradiance by incorporating human photopic sensitivity peaking at 555 nm (Lucas
et al., 2014). Humans show remarkable sensitivity to light, with significant circadian responses
occurring at illuminances as low as 10-15 lux of white light, while half-maximal responses
occur around 100 lux (Cajochen et al., 2000; Zeitzer et al., 2000). By comparison, mice exhibit
even greater sensitivity, detecting and responding to light much dimmer than the human
threshold (Foster & Helfrich-Forster, 2001). Studies have shown that mice responses begin at
illuminances around 0.1-1 lux, with half-maximal phase shifts occurring at approximately 10-

30 lux (Butler & Silver, 2011; Lall et al., 2010).

Additionally, the circadian system can integrate photons over extended periods of time, a
mechanism known as temporal integration. Indeed, Nelson and Takahashi demonstrated that
hamsters show an equivalent response to a brief, high-intensity light pulse and a longer, lower-
intensity exposure, as long as it delivers the same total number of photons (Nelson & Takahashi,

1991).

1.1.6. Photoreceptors

In addition to the timing, duration and intensity of light, the spectral composition of the light is
a critical factor in determining its impact on the circadian system. The classical human visual
system, mediated primarily through the rods and cones, is most sensitive to red and green light
with peak intensity at ~ 555 nm (Dartnall et al., 1983). However, action spectroscopy studies
by Takahashi and colleagues, which characterized biological responses to light of varying
wavelengths, demonstrated that rodent circadian phase-shifting responses exhibit peak
sensitivity in the blue region of the spectrum, between 480 and 500 nm (Takahashi et al., 1984).
As this finding was inconsistent with the known spectral sensitivities of rods and cones, it

suggested the involvement of a novel photoreceptive mechanism.
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In the 1990s, subsequent studies by Foster and colleagues showed that mice with bilateral
enucleation (complete removal of the eyes) maintained endogenous circadian rhythms, but were
unable to respond to light cues or synchronize to light-dark cycles (Foster et al., 1991). Action
spectrum studies using retinally degenerate (rd/rd) mice, which have retinal degeneration that
eliminates rods and severely reduces cone function, revealed a peak sensitivity for circadian
responses around 480-511 nm (Provencio & Foster, 1995; Yoshimura & Ebihara, 1996). These
rd/rd mice maintained circadian photosensitivity despite their severe visual impairment,
providing further evidence for a non-rod, non-cone photoreceptor. This hypothesis was then
confirmed in mice with complete elimination of functional rods and cones using cone-specific
transgenes (Freedman et al., 1999; Lucas et al., 1999). Studies in humans also showed that
individuals with no conscious light perception could still exhibit melatonin suppression and
circadian entrainment as long as the eyes remained intact (Czeisler et al., 1995). Together, these
results indicated that, while the eyes were critical for photoentrainment, an additional

photoreceptor was mediating this response.

The identification of a third class of retinal photoreceptor, comprising a subset of pRGCs
expressing the photopigment melanopsin (OPN4), provided the molecular and cellular basis for
the circadian system’s spectral sensitivity (Hattar et al., 2002; Provencio et al., 2000; Sekaran
et al., 2003). Melanopsin-expressing pRGCs constitute approximately 1-2% of the total RGC
population and project directly to the SCN via the RHT. Electrophysiological characterization
of these cells revealed an intrinsic photosensitivity with maximal response to wavelengths near
480 nm, which corresponds to blue light (Berson et al., 2002; Hattar et al., 2002). The functional
significance of melanopsin in circadian photoentrainment was confirmed through genetic
ablation studies. While mice lacking either melanopsin or functional rods and cones retained
the ability to entrain to light-dark cycles, triple knockout mice deficient in all three
photoreceptors failed to exhibit any circadian photosensitivity (Hattar et al., 2003; Panda et al.,
2003). These findings established the requirement for photoreceptive input to the circadian

system, and identified melanopsin as a key mediator of this function.

24



While melanopsin-expressing pRGCs serve as the primary photoreceptors for circadian
entrainment, the system exhibits greater complexity than initially postulated. These cells also
receive synaptic input from rods and cones, creating a network in which all three photoreceptor
types contribute to circadian light responses (Dacey et al., 2005; Giiler et al., 2008; Wong et
al., 2007). The relative contribution of each system is dependent on multiple factors including
light intensity, duration, and wavelength (Foster et al., 2020). At very low light levels, rods play
a dominant role due to their heightened sensitivity, while cones contribute significantly at
intermediate illuminances and more sudden increases in light intensity, such as dawn/dusk
transitions (Allen et al., 2014; Lall et al., 2010). Melanopsin becomes more important at higher
light intensities and during prolonged light exposure, as it demonstrates increased
photochemical stability. Unlike rod and cone opsins, which undergo rapid photochemical
deactivation (bleaching) after light absorption and require time-consuming regeneration
through the retinoid cycle, melanopsin remains functional during continuous illumination and
shows greater adaptation (Emanuel & Do, 2015; Mure et al., 2007; Wong et al., 2005). The
different temporal dynamics of these photoreceptors create a complementary network
optimized for detecting all the light information relevant to the internal clock (Fig. 1.6) (Lucas

et al., 2012).

Additionally, recent studies have demonstrated that different subtypes of pRGCs have distinct
morphologies, projections, and functional roles, with six identified subtypes in mice, and five
in humans (Ecker et al., 2010; Lazzerini Ospri et al., 2017; Sonoda & Schmidt, 2016). While
M1 cells provide the primary input to the SCN for circadian entrainment, other subtypes
contribute to diverse non-image-forming functions, including the pupillary light reflex, mood

regulation, and sleep induction (Chen et al., 2011; Schmidt et al., 2011).
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Figure 1.6. Mouse A. eye and B. retina structure (reproduced from Peirson et al., 2018). Rods
support vision in low light, while cones mediate bright light and color vision. Mice express two
types of cone opsins, an ultraviolet-sensitive (UVS) opsin and a middle-wavelength-sensitive
(MWS) opsin, which are co-expressed in the majority of cones. In addition to rods and cones,
a subset of photosensitive retinal ganglion cells (RGCs) expresses melanopsin and supports
non-visual responses to light.

1.1.7. Measuring Light

The discovery of melanopsin and its distinct spectral sensitivity has revealed significant
limitations in the conventional light measurements used in circadian research. Traditional
illuminance metrics, such as lux, fundamentally mischaracterize the impact of light on the
circadian system. Indeed, it focuses on the green/yellow wavelengths at ~ 555 nm, and fails to
capture melanopsin's blue-shifted sensitivity at ~ 480 nm (Lucas et al., 2014). Consequently,
two light sources with identical lux values can produce different effects on the circadian system
depending on their spectral composition. For example, a blue-enriched LED light at 100 lux

may produce circadian effects equivalent to several hundred lux of warmer incandescent
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lighting, despite both being measured as photometrically equal (Cajochen et al., 2005; Santhi
et al., 2012). This mismatch between photometric measurement and biological effect has led to
considerable inconsistencies in research findings and practical applications (Peirson et al.,

2018; Rea et al., 2010).

To address these limitations, Lucas and colleagues suggested a framework for quantifying light
based on its effect on each photoreceptor class in the human retina (Lucas et al., 2014). This
approach was subsequently formalized by the International Commission on Illumination in
2018 as the a-opic equivalent daylight illuminance (a-EDI) system. It calculates five distinct
a-opic metrics corresponding to each photoreceptor: S-cone (cyanopic), M-cone (chloropic),
L-cone (erythropic), rod (rhodopic), and melanopsin (melanopic). Among these, the melanopic
EDI has emerged as the most relevant metric for quantifying circadian responses to light
(Brown et al., 2022). It represents the illuminance of standard daylight (D65) that would
produce equivalent melanopsin stimulation as the measured light source, thereby providing a

standardized reference for comparing diverse spectral distributions.

Furthermore, standardized methodologies for measuring and reporting light exposure in
chronobiology research have been proposed to improve experimental reproducibility. The
ENLIGHT consensus checklist provides comprehensive reporting guidelines for laboratory-
based studies on non-visual effects of light in humans, emphasizing the necessity of complete
spectral characterization of experimental lighting conditions (Spitschan et al., 2023). Similarly,
detailed recommendations for measuring and standardizing light for laboratory mammals have
been published to enhance reproducibility in animal research, with specific guidance for
converting human-relevant metrics to those appropriate for various model organisms (Lucas et

al., 2024).
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1.1.8. From Mice to Humans

While mice serve as invaluable models in circadian research, their visual system differs from
that of humans in ways that can impact the interpretation and translation of experimental
findings. Understanding these differences is essential when extrapolating results between
species or designing experiments that model human light responses. While mice and humans
have a similar proportion of melanopsin-expressing pRGCs, they differ in their cone
photoreceptor arrangement. Humans have trichromatic vision with blue-sensitive S-cones (~
420 nm), green-sensitive M-cones (~ 534 nm), and red-sensitive L-cones (~ 564 nm) (Do,
2019). By contrast, mice only have two cone types: S-cones with peak sensitivity in the
ultraviolet range (~ 360 nm), and M-cones sensitive to green light (~ 508 nm) (Applebury et
al., 2000). As such, the spectral sensitivity of mice is shifted towards shorter wavelengths of
light (Fig. 1.7). Moreover, the spatial distribution and relative abundance of rods and cones
differ between species. Unlike humans, mice lack a fovea (the cone-rich central region of the
retina) and possess a rod-dominated retina, which more closely resembles the human peripheral

retina in terms of rod/cone ratios (Carter-Dawson & LaVail, 1979; Curcio et al., 1990).

Despite these differences in spectral sensitivities and photoreceptor arrangement, both species
possess functional melanopsin-expressing pPRGCs that mediate the circadian responses to light.
As such, broad-spectrum white light can effectively activate the circadian system in both
species, though at different thresholds (Brown et al., 2022; Lucas et al., 2014). Cross-species
comparisons become meaningful when researchers employ photoreceptor-based metrics, such
as melanopic EDI, adjusted for each species' sensitivity curve. “Equivalent” light exposures
that produce comparable levels of relevant photoreceptor stimulation can then be determined
(Lucas et al., 2024). Recent standardized frameworks specifically address these cross-species
considerations, providing conversion factors and methodological guidelines for translating

findings between mice and humans (Spitschan et al., 2021). Therefore, with proper light
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characterization, mice remain valuable models for translating circadian light responses to

humans (Tir et al., 2022).
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Figure 1.7. Differences in spectral sensitivity between the A. human and B. mouse visual
systems (reproduced from Peirson et al., 2018). The human retina contains rods and three types
of cones, maximally sensitive to short (blue S-cone), medium (green M-cone), and long (red L-
cone) wavelengths. In contrast, the mouse retina is dominated by rods and contains two types
of cones, maximally sensitive to ultraviolet (UVS opsin) and medium (MWS opsin)
wavelengths. As such, the spectral sensitivity of the mouse is shifted towards shorter
wavelengths of light.

1.2. Circadian Disruption and the Modern Light Environment

Circadian rhythms are remarkably robust and persist even in the absence of periodic external
stimuli (Duffy & Czeisler, 2009). In line with natural selection and evolution, the human
circadian clock system promotes physical activity and cognition during the day, and sleep at
night, with the opposite holding for nocturnal animals. However, inappropriate light exposure,
such as receiving too much or not enough light at the wrong time, confuses these internal clocks

and disrupts circadian rhythms.
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1.2.1. Circadian Misalignment

A clock is of no use unless it is set to the right time. Circadian misalignment occurs when
internal biological rhythms are incorrectly phased with regard to the external light-dark cycle
(Baron & Reid, 2014). It can manifest as a mismatch between the central pacemaker and
peripheral oscillators (internal desynchrony), conflicting timing between critical processes like
sleep/wake cycles and feeding-fasting rhythms, or misalignment between biological time and
the external world, including social/work schedules. Growing evidence shows that circadian
disruption contributes to the pathophysiology of a wide range of deleterious health outcomes,
including increased risks of metabolic disease, obesity, depression, and even cancer (Coogan

& Wyse, 2008; Sahar & Sassone-Corsi, 2009; Young & Bray, 2007).

The most significant examples of circadian misalignment occur in shift workers. A survey
revealed that approximately 27% of male and 16% of female workers in the United States rotate
between day and night shifts (Czeisler et al., 1982), requiring constant readjustment of their
biological clocks. This circadian disruption carries substantial health consequences, with shift
workers showing increased rates of coronary heart disease, impaired glucose tolerance, and
mental health challenges amongst many other adverse health effects (Boivin et al., 2022; James
et al., 2017; Mosendane et al., 2008). For instance, nurses working night shifts demonstrate
significantly higher rates of breast cancer and obesity compared to day-shift counterparts
(McGlynn et al., 2015; Schernhammer et al., 2006). As such, the World Health Organization
officially defined shift work involving circadian disruption as a potential carcinogen in humans

(Straif et al., 2007).

Yet, circadian misalignment extends far beyond shift work. A much larger portion of the
population experiences “social jet lag,” a chronic misalignment between biological and social
time, which occurs when work and social obligations conflict with one’s innate chronotype
(Wittmann et al., 2006). Even modest misalignments of two hours or less are associated with

increased BMI, metabolic dysfunction, and elevated cardiometabolic risk factors (Roenneberg
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et al., 2012). Individual differences in chronotype, with someone being naturally morning-
oriented (“lark™) or evening-oriented (“owl”), significantly influence vulnerability to these
effects, with evening chronotypes typically experiencing greater misalignment in societies that
favor early schedules (Vetter et al., 2015). This widespread tendency to “live against the clock”
has been a core focus in the discussion of appropriate work and school start times (Boergers et

al., 2014; Diaz-Morales & Escribano, 2015; Morgenthaler et al., 2016; Skeldon et al., 2017).

1.2.2. The Rise of Artificial Light Exposure

Mistimed light exposure, such as light at night, contributes significantly to circadian disruption.
For the last century, artificial lighting has enabled the expansion of work and entertainment
hours far into the night. As such, this modern light environment differs from the natural one in
two critical ways: people are exposed to lower levels of light as they work indoors during the
day, and to higher levels of electrical light in their homes at night (Fig. 1.8) (Wright et al.,
2013). Indeed, satellite data reveals that 80% of the world's population is exposed to artificial
nighttime light, rising to 99% in the United States and European Union (Cinzano et al., 2001;

Falchi et al., 2016).

Artificial light has become the dominant source of illumination for humans, posing a variety of
circadian challenges (de la Iglesia et al., 2015; Lunn et al., 2017; Mason et al., 2018; Stevens
& Zhu, 2015). Additionally, nighttime light now emanates not only from room lighting, but
increasingly from light-emitting devices, such as phones, computers, and televisions. Recent
expert consensus-based recommendations suggest that evening light exposure should remain
below 10 lux (melanopic EDI) at eye level for 3 hours prior to habitual bedtime to minimize
circadian disruption (Brown et al., 2022). However, typical evening environments in modern
homes and workplaces exceed this threshold, with common indoor lighting ranging from 30 to

500 lux (Wright et al., 2013).
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The impact of evening light exposure on human physiology has been documented through
controlled laboratory studies. Exposure to electrical light in the evening consistently delays the
circadian system's phase relationship with the light-dark cycle, pushing biological night to
increasingly later hours (Wright et al., 2013). In fact, light exposure > 30 lux for just 2-3 hours
before habitual bedtime significantly suppresses melatonin production, delays the phase of dim
light melatonin onset (DLMO), and increases alertness. These effects are also accompanied by
sleep disruption, including delayed sleep onset, reduced slow-wave sleep, and impaired sleep
efficiency, as well as alterations in metabolic function (Cain et al., 2020; Cajochen et al., 2011;
Chang et al., 2015; Gooley et al., 2011; Green et al., 2017; Obayashi et al., 2013; Stothard et

al., 2017).
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Figure 1.8. Light exposure under artificial and natural conditions (from Wright et al., 2013).
Average 24-hour light exposure (in lux, log scale) under electric lighting in a constructed
environment and under a natural light-dark cycle while camping. Data are double-plotted.

1.2.3. Dim Light at Night

While the effects of nighttime light exposure are increasingly recognized, the mechanisms by
which our bodies are affected by and potentially adapt to this artificial light environment are

somewhat debated. Elucidating these processes is crucial for developing strategies to mitigate
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circadian disruption and align our bodies with the 21* century light schedule. The first step is

thus to measure the effects of such disruptive light.

In rodents, research on artificial light at night has largely focused on continuous dim light
throughout the night phase. This paradigm typically exposes animals to low-level illumination
(typically ~ 5 lux) across the entire dark period, mimicking conditions experienced by shift
workers or those in heavily light-polluted environments. The following section synthesizes the
existing literature on the effects of acute and chronic (> 2 weeks) dim light at night (DLAN)
exposure in mice, hamsters, and rats, providing a foundation for understanding how even low
levels of nighttime light exposure can impact physiology and behavior. This analysis serves as
a basis for introducing our experimental paradigm, dim light in the evening, which more
accurately models contemporary patterns of circadian light disruption in the general populace.
It reveals that DLAN disrupts physiological systems at a multitude of levels, from circadian

rhythms and metabolism to mood regulation and immune function.

Circadian Clock Genes. At a molecular level, studies have found significant alterations in the
expression of core clock genes under DLAN exposure (Table 1.1). In male CD1 mice, chronic
DLAN reduced PER1 expression in the SCN (Shuboni & Yan, 2010). Similarly, it attenuated
PER1 expression in the SCN, and PER2 expression in the hippocampus of female Siberian
hamsters (Bedrosian, Galan, et al., 2013). Effects were also observed in male Swiss Webster
mice, with attenuated Perl/2 in the SCN, and Per/2 and Cry2 in the hypothalamus (Fonken,
Aubrecht, et al., 2013). In peripheral tissues, more pronounced and widespread disruptions were
observed, with dampened rhythms for Bmall, Perl/2, and Rev-Erb in the liver, and Rev-Erb in
white adipose tissue (WAT) (Fonken, Aubrecht, et al., 2013). Across studies, these results
indicate that all the core clock genes mentioned above are reduced at an oscillator level, but
only the Per genes are altered in the central pacemaker. One important consideration is that the
tissues were collected under dim light rather than darkness for DLAN animals. Per expression

is known to be light-inducible, whereas Clock and Bmall are not directly light-responsive
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(Takahashi, 2017). As such, the attenuated Per expression in the SCN might reflect a direct
response to the constant low-level light input rather than disruptions in the circadian system

itself, or a change in light sensitivity to light stimuli.

Table 1.1. Effects of DLAN exposure on circadian clock genes in rodents. The duration of
DLAN exposure and the age of the animals are reported in weeks (w). Effects are expressed as
a reduction (]), or no change ().

Species Night Day LD DLAN Sex Age Results Reference
light light cycle duration Circadian Clock Genes

Swiss 5lux 150Ilux 14:10 4w 1<) 8w | Per1/2 and PER1/2 rhythms in SCN Fonken, Aubrecht,
Webster | Per1/2 and Cry2 rhythms in etal, 2013
mouse hypothalamus

@ hippocampus

| Bmal1, Per1/2, Cry1/2 and Reverb

rhythms in liver

| Reverb rhythms in WAT
Siberian 5lux 150lux 16:8 ? Q 8w | PER1in SCN Bedrosian, Galan,
hamster | PER2 in hippocampus etal, 2013
CD1 20 lux 300Iux 12:12 3w 1) 3w | PER1in SCN Shuboni & Yan, 2010
mouse | Per1in SCN after light pulse

Activity. The effects of DLAN on the architecture of activity rhythms in rodents have been
widely investigated (Table 1.2). Studies in Swiss-Webster mice have reported no changes in
total wheel-running or locomotor activity under short and long-term DLAN exposure for both
sexes (Aubrecht et al., 2015; Borniger et al., 2014; Borniger et al., 2013; Fonken et al., 2014;
Fonken et al., 2010). One study noted a weakening of the rhythms, with only half of the animals
displaying a 24-hour pattern in wheel-running activity (Fonken et al., 2014). In C57BL/6J mice,
no effects were found on the onset and power of wheel-running activity, but a subtle reduction
in period length was reported (Cleary-Gaffney & Coogan, 2018). In contrast, the robustness
and stability of home-cage locomotor activity rhythms was altered, with increased daytime
activity, but no changes in total activity (Delorme et al., 2022). While the total amount of
activity was not noted in male CD1 mice, chronic DLAN increased wheel-running activity
during the day, altered activity onsets and offsets, and led to a shorter free-running period
(Shuboni & Yan, 2010). In female Siberian hamsters, chronic DLAN reduced the strength of

locomotor activity thythms and decreased nighttime activity, but did not affect the onset,
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acrophase, or total amount of locomotor activity (Bedrosian, Galan, et al., 2013; Bedrosian,
Weil, et al., 2013). Similarly, weakened locomotor activity rhythms were found in young and
aged male C57BL/6JOlaHsd mice, with no effect on period (Panagiotou & Deboer, 2020).
DLAN attenuated the amplitude of locomotor activity rhythms in Wistar rats, with a decrease
in total activity, and redistribution of activity towards the day (Rumanova et al., 2025). No
changes were found in the total amount, onset, offset, acrophase, and amplitude of locomotor
activity rhythms in diurnal Nile grass rats (Fonken et al., 2012). Additionally, Shuboni and Yan
(2010) investigated phase shifting responses under chronic DLAN exposure. Following a LP
(30 min, 300 lux) at ZT17.5, DLAN animals showed a reduced phase shift in activity and
attenuated Per! expression in the SCN, indicating dampened SCN light responses (Shuboni &
Yan, 2010). Taken together, these findings demonstrate that DLAN exposure can impact the
strength and temporal organization of activity thythms while preserving its total daily amount.
The magnitude and nature of the disruptions vary across species, strains, and measurement
methodologies. DLAN also attenuates phase shifting responses to light pulses, suggesting

reduced plasticity in the circadian system.
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Table 1.2. Effects of DLAN exposure on wheel-running and locomotor activity in rodents. The
duration of DLAN exposure and the age of the animals are reported in weeks (w) and months
(m). Effects are expressed as an increase (1), a reduction (|), or no change ().

. Night Day LD DLAN Results
Species light light cycle duration Sex Age Activity Reference
Swiss 5lux 1501Ilux 14:10 2w 3 8w @ total locomotor activity Borniger et al., 2014
Webster @ period length
mouse @ acrophase
3w 3 8w | wheel-running activity rhythms Fonken et al., 2014
@ total activity
8w 1) ? @ total wheel-running activity Borniger et al., 2013
16:8 6w Q 8w @ total locomotor activity Aubrecht et al., 2015
8w 3 8w @ total locomotor activity Fonken et al., 2010
Siberian 5lux 1501Ilux 16:8 4w Q 8w | locomotor activity rhythms Bedrosian, Weil et al.,
hamster | nighttime activity 2013
? Q 8w | locomotor activity rhythms Bedrosian, Galan et al.,
@ activity onset, acrophase 2013
@ total activity
Nile grass 51lux 150Ilux 14:10 3w 3 10w @ total locomotor activity Fonken et al., 2012
rat @ activity onset, offset,
(diurnal) acrophase, amplitude
Wistarrat 21lux 150 Iux 12:12 2w 3 ? | locomotor activity rhythms Rumanova et al., 2025
C57BL/6  5lux 150Iux 12:12 3w 3 10w @ wheel-running activity rhythms Cleary-Gaffney &
mouse @ activity onset Coogan, 2018
20 lux 200 lux 12:12 1y 3 10w 1 locomotor activity rhythms Delorme et al., 2022
@ total activity
1 daytime activity
| interdaily stability
@ intradaily variability
C57BL/6J 51lux 75lux 12:12 12w 3 6m, | locomotor activity rhythms Panagiotou & Deboer,
OlaHsd 18m, @ period length 2020
mouse 24m
CD1 20 lux 300 Ilux 12:12 3w I} 3w 1 daytime wheel-running activity Shuboni & Yan, 2010
mouse @ activity onset, offset

| free-running period
| phase shift after light pulse

Table 1.3. Effects of DLAN exposure on sleep in rodents. The duration of DLAN exposure and
the age of the animals are reported in weeks (w). Effects are expressed as an increase (1), a
reduction (), an alteration (A), or no change (®).

. Night Day LD DLAN Results
Species light light cycle duration Sex Age Sleep Reference
Swiss 5lux 150Ilux 14:10 3w 3 3m | nighttime plasma melatonin Fonken et al., 2013b
Webster 8w 3 ? @ total sleep Borniger et al., 2013
mouse @ REM, SWS, delta power
Wistarrat 2lux 150 Ilux 12:12 2w 3 | nighttime plasma melatonin Jerigova et al., 2023
2w 1) @ total sleep Stenvers et al., 2016
1 daytime wakefulness
| REM, NREM, SWA
amplitude
3w ) 18w | nighttime plasma melatonin Molcan et al., 2019
5lux 250Iux 12:12 5w Q w | nighttime plasma melatonin Gutiérrez-Pérez et
al., 2023
C57BL/6J 5lux 75lux 12:12 12w 3 6m, | sleep rhythms Panagiotou &
OlaHsd 18m, 1 daytime wakefulness Deboer, 2020
mouse 24m A NREM sleep
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Sleep. Mixed results support the detrimental effects of DLAN on sleep patterns (Table 1.3).
Borniger and colleagues (2013) initially found no effects on sleep in Swiss-Webster mice, with
no differences in the distribution or total amount of wake, rapid eye movement (REM), slow
wave sleep (SWS), and delta power, a measure of sleep intensity and pressure (Borniger et al.,
2013). The authors suggested that the potential disruptive effects of DLAN are sleep-
independent, and that DLAN could serve as a control light paradigm for sleep research. In
contrast, significant disturbances in sleep architecture were observed in Wistar rats. While the
total amount of sleep was not impacted, chronic DLAN reduced the amplitude of REM sleep,
NREM sleep, and slow wave activity (SWA) rhythms. It also disrupted the timing of sleep/wake
cycles, with increased wakefulness and decreased sleep during the day, and the opposite pattern
at night (Stenvers et al., 2016). Moreover, a decrease in nighttime plasma melatonin levels was
consistently observed in animals producing melatonin (Fonken, Weil, et al., 2013b; Gutiérrez-
Pérez et al., 2023; Jerigova et al., 2023; Molcan et al., 2019), aligning with the well-documented
light-induced suppression of melatonin secretion (Zeitzer et al., 2000). Sleep was further
impacted in young and aged C57BL/6JOlaHsd mice, with increased daytime wakefulness and
weakened sleep rhythms. Chronic DLAN shifted young mice towards an aged sleep phenotype,
while worsening existing sleep disturbances in older mice (Panagiotou & Deboer, 2020).
Similar to the pattern observed with activity rthythms, these results suggest that DLAN disrupts
sleep regulation, not by altering the total sleep duration, but by modifying its distribution,
amplitude, and quality across the 24-hour cycle. According to the two-process model of sleep,
the SCN primarily modulates the distribution and amplitude of sleep over the 24-hour cycle
rather than the total amount of sleep (Borbély et al., 2016; Dijk & Czeisler, 1995; Mistlberger,
2005). If DLAN reduces the amplitude of circadian rhythms through its effects on the SCN, the
observed alterations in sleep architecture likely reflect this dampened circadian drive (process

C), while leaving homeostatic sleep pressure (process S) largely intact.

Cardiovascular Function. The impact of DLAN extends to cardiovascular regulation, with

significant disruptions observed in key cardiac parameters. In male Wistar rats, 2 weeks of
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DLAN attenuated the 24-hour rhythm in heart rate, systolic blood pressure, and spontaneous
baroreflex sensitivity, a measure of autonomic cardiovascular control (Molcan et al., 2019).
The study also revealed important changes in vascular reactivity, with a reduction in the daily
variability in blood pressure response to norepinephrine, indicating altered sympathetic
vascular control. At the molecular level, endothelial nitric oxide synthase (eNOS) expression
was increased in arterial tissue, suggesting a compensatory vasodilatory mechanism, while
endothelin-1 expression (a vasoconstrictor) remained unchanged (Thosar et al., 2018).
However, when monitoring continued through 5 weeks of DLAN exposure, some
cardiovascular parameters showed partial restoration of rhythmicity. This suggests a potential

adaptation of the cardiovascular system to chronic DLAN conditions (Molcan et al., 2024).

Body Temperature. Studies have found that DLAN exposure significantly disrupts body
temperature rthythms (Table 1.4). DLAN abolished daily rhythms in body temperature and
decreased mean body temperature during the night in female Wistar rats (Gutiérrez-Pérez et al.,
2023). In male Swiss-Webster mice, DLAN dampened and phase advanced body temperature

rhythms, but did not affect the period length (Borniger et al., 2014).

Body Mass. The effects of DLAN exposure on weight gain are perhaps the most investigated,
yet variable findings (Table 1.4). Multiple studies have reported increased body mass under
chronic DLAN in Wistar rats, Swiss-Webster mice, C57BL/6] mice, and a mouse model of
type 2 diabetes, with effects observed in both males and females (Aubrecht et al., 2015;
Aubrecht et al., 2013; Borniger et al., 2014; Fonken, Aubrecht, et al., 2013; Fonken, Lieberman,
etal., 2013; Fonken et al., 2014; Fonken, Weil, et al., 2013a; Fonken et al., 2010; Rumanova et
al., 2025; Russart et al., 2019; Sarmiento et al., 2022). This increase was typically accompanied
by elevated epididymal fat pad mass, a representative measure of WAT accumulation (Fonken,
Lieberman, et al., 2013; Fonken et al., 2014; Fonken, Weil, et al., 2013a; Fonken et al., 2010).
Importantly, the DLAN-induced increases in body mass showed both reversibility and

preventability. Re-exposure to a standard light-dark (LD) cycle following DLAN reversed the
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increases in body mass and fat pad mass (Fonken, Weil, et al., 2013a; Russart et al., 2019),
while access to a running-wheel or day-restricted feeding prevented the reported gain (Fonken
etal., 2014; Fonken et al., 2010). This suggests that exercise and the timing of food intake could
be used as a preventive measure. Indeed, studies providing access to a running-wheel did not
observe any weight gain under DLAN conditions (Borniger et al., 2013; Cleary-Gaffney &
Coogan, 2018). On the other hand, several studies using similar protocols found no significant
DLAN-induced changes in body mass in both young and aged animals across species (Borniger
et al., 2013; Cleary-Gaffney & Coogan, 2018; Fonken et al., 2012; Gutiérrez-Pérez et al., 2023;
Liu et al., 2022; Okuliarova et al., 2020; Stenvers et al., 2016). While the overall change in
body mass was not affected, Gutiérrez-Pérez and colleagues (2023) did find an impaired growth

curve in female Wistar rats during the five weeks of DLAN exposure.

Feeding & Drinking Behavior. Similar variability has been reported on the changes in timing
and amount of food consumption (Table 1.4). While no changes in total caloric intake were
observed, Swiss-Webster and C57BL/6J mice exposed to DLAN displayed increased daytime
feeding, which is atypical for nocturnal animals (Fonken, Aubrecht, et al., 2013; Fonken,
Lieberman, et al., 2013; Fonken et al., 2014; Fonken, Weil, et al., 2013a; Fonken et al., 2010).
Interestingly, access to a running-wheel exacerbated food consumption (Fonken et al., 2014).
Aubrecht and colleagues (2015) found a decrease in total food intake during weeks 5 and 6 of
DLAN exposure. However, these results are ambiguous, as DLAN animals maintained
consistent food intake, while controls increased their consumption during this period. The
authors did not address potential causes for this shift in control animals (Aubrecht et al., 2015).
In Wistar rats, one study observed no changes in food consumption (Okuliarova et al., 2020),
while two others found a decrease in total and nighttime food intake (Gutiérrez-Pérez et al.,
2023; Stenvers et al., 2016). Rumanova and colleagues (2025) did not observe changes in total
food intake, but noted a weakening and temporal redistribution of feeding rhythms following 2
weeks of DLAN exposure. Moreover, drinking rhythms were suppressed and redistributed

towards the day, with a reduction in the total water intake for Wistar rats (Rumanova et al.,
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2025). These results underline inconsistencies in the impact of DLAN exposure on weight gain
and feeding behavior, even within the same rodent species, and regardless of the length of
DLAN exposure. Yet, it suggests a temporal shift in feeding and behavior, with a redistribution
rather than an increase in overall consumption. The interaction between DLAN and high-fat
diet (HFD) has been examined in multiple studies, revealing exacerbated effects on weight gain,
metabolic dysfunction, and inflammation (Fonken, Lieberman, et al., 2013; Guan et al., 2024;

Liu et al., 2024; Ren et al., 2025; Rumanova et al., 2025; Stenvers et al., 2016).

Indirect Calorimetry. Metabolic effects of DLAN have been further characterized through
indirect calorimetry, which measures gas exchange to determine energy expenditure and
substrate utilization (Ferrannini, 1988) (Table 1.4). In male Swiss-Webster mice, chronic
DLAN reduced whole-body energy expenditure during the dim to light transition (around ZT0).
It also reduced oxygen consumption and increased the respiratory exchange ratio (RER),
indicating a preference for carbohydrate over fat metabolism independent of protein oxidation
(Borniger et al., 2014). This alteration in fuel selection is significant because it suggests
fundamental changes in metabolic regulation. It could also contribute to the adiposity increase

observed in multiple DLAN studies (Eckel-Mahan & Sassone-Corsi, 2013).

Clinical Chemistry. DLAN exposure alters multiple biochemical parameters related to
metabolism, with notable species-specific differences in glucose homeostasis (Table 1.4). In
Swiss-Webster mice, blood glucose rhythms remained unaffected (Fonken, Aubrecht, et al.,
2013; Fonken, Lieberman, et al., 2013), but glucose tolerance was impaired, as evidenced by
elevated plasma glucose levels during glucose tolerance tests (Fonken, Lieberman, et al., 2013;
Fonken, Weil, et al.,, 2013a; Fonken et al., 2010). Importantly, these alterations showed
reversibility, with restoration of glucose tolerance after returning mice from DLAN to a
standard LD cycle (Fonken, Weil, et al., 2013a). In contrast, Wistar rats showed a different
pattern of glucose dysregulation. While baseline blood glucose concentrations were elevated

following DLAN exposure (Gutiérrez-Pérez et al., 2023), glucose tolerance tests revealed no
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significant impairment (Stenvers et al., 2016). This could be due to a potential difference in
glucose handling between mice and rats under DLAN conditions (Kowalski & Bruce, 2014).
Similarly, DLAN-induced alterations in insulin signaling showed species-specific patterns.
Swiss-Webster mice exhibited elevated plasma insulin levels (Fonken, Lieberman, et al., 2013),
while Wistar rats showed reduced insulin levels (Okuliarova et al., 2020), but impaired insulin
tolerance, as evidenced by elevated plasma glucose levels during the insulin tolerance test
(Gutiérrez-Pérez et al., 2023). Plasma insulin levels were further reduced in C57BL/6 mice, and
negatively associated with learning performance (Liu et al., 2023). Additionally, in a mouse
model of type 2 diabetes, DLAN further impaired both glucose and insulin tolerance beyond
the diabetic phenotype, but re-exposure to a standard LD cycle abolished these differences
(Russart et al., 2019). Clinical chemistry analysis in Wistar rats revealed no changes in overall
plasma triacylglycerols (TAG), total cholesterol, low-density lipoprotein (LDL) cholesterol,
free fatty acid (FFA), and thyroid hormone levels (Okuliarova et al., 2020). However, DLAN
exposure decreased plasma leptin concentrations, nighttime TAG levels, and hepatic TAG

content (Gutiérrez-Pérez et al., 2023; Okuliarova et al., 2020).
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Table 1.4. Effects of DLAN exposure on metabolism in rodents. The duration of DLAN
exposure and the age of the animals are reported in weeks (w). TALLYHO/IngJ] mice are a
polygenic model of type 2 diabetes mellitus. Effects are expressed as an increase (1), a reduction
(1), an alteration (A), or no change (@). TAG = triacylglycerols, LDL = low-density lipoprotein,
FFA = free fatty acid.

Night Day LD DLAN
light light cycle duration >°* A%  Nctbolism Reference
Swiss 5lux 150 lux 14:10 2w 3 8w 1 body mass Borniger et al., 2014
Webster @ total food intake
mouse | body temperature rhythms

A body temperature acrophase

@ body temperature period

| oxygen consumption

1 respiratory exchange ratio

| energy expenditure
3w d 8w 1 body and epididymal fat pad mass Fonken et al., 2014

1 daytime food intake

4w 3 8w 1 body mass Fonken, Aubrecht et al., 2023
¢ total food intake
1 daytime food intake
@ blood glucose
4w 3 8w 1 body and epididymal fat pad mass Fonken, Lieberman et al., 2013
¢ total food intake
1 daytime food intake
¢ fasting blood glucose
| glucose tolerance
1 daytime blood insulin
4w 38 8w 1 body and epididymal fat pad mass Fonken et al., 2013a
¢ total food intake
1 daytime food intake
| glucose tolerance

Species

8w
8w

? @ body mass Borniger et al., 2013

8w 1 body mass Aubrecht et al., 2013
¢ adrenal gland mass

8w 1 body mass Aubrecht et al., 2015
| total food intake
8w 3 8w 1 body and epididymal fat pad mass Fonken et al., 2010
@ total food intake
1 daytime food intake
| glucose tolerance
Nile grass 5lux 150 Iux 14:10 3w I 10w @ body mass Fonken et al., 2012
rat (diurnal) @ reproductive tissue mass

Wistar rat 21lux 150 Ilux 12:12 2w I ? @ body, WAT, adrenal, thymus mass Stenvers et al., 2016
| total food intake
| nighttime food intake
| total energy expenditure
| nighttime energy expenditure
@ glucose tolerance
2w d ? 1 body mass Rumanova et al., 2025
¢ fat, lean mass
| feeding rhythms
| nighttime food intake
1 daytime food intake
| drinking rhythms
| total water intake
| nighttime water intake
1 daytime water intake
18w @ body and epididymal fat pad mass Okuliarova et al., 2020
@ visceral fat
@ total food intake
@ blood glucose
| blood insulin
1 liver TAG
@ blood TAG, cholesterol, LDL
cholesterol, FFA
| blood leptin
@ blood thyroid hormones
5lux 250 lux 12:12 5w Q w @ body mass Gutiérrez-Pérez et al., 2023
A growth curve
| total food intake
| nighttime food intake
1 fasting blood glucose
| insulin resistance
1 nighttime blood TAG
10w @ body mass Cleary-Gaffney & Coogan, 2018

3w | plama insulin Liu et al., 2023

osfos

16:8 6w

1O

Oy

5w

C57BL/6 5lux 150 lux 12:12 3w
3w

+O
Os

Os

im
24w

Os

3w 1 body mass Sarmiento et al., 2022
20w @ body mass Liu et al., 2022

@ spleen mass

1 adrenal gland mass in males
TALLYHO/ 8-10w I 6w 1 body mass Russart et al., 2019
JngJ mouse | glucose tolerance
| insulin tolerance

+O
Os
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Learning & Memory. Limited evidence supports the vulnerability of learning and memory
functions to DLAN (Table 1.5). Spatial learning in the Barnes maze, a hippocampus-dependent
cognitive task, was unaffected in C3H/HeNHsd mice (Fonken & Nelson, 2013), but impaired
in the diurnal Nile grass rat (Fonken et al., 2012). Similarly, learning and memory impairment
in the novel object recognition (NOR) test was observed in C57BL/6J mice (Liu et al., 2023),
but not in Swiss-Webster mice (Aubrecht et al., 2013). No changes were found in the Y-maze
and passive avoidance tests suggesting that cognitive impact may be task-specific (Aubrecht et
al., 2013). These findings indicate that the effects of DLAN on cognitive performance vary by
species, with diurnal animals potentially showing greater sensitivity. Additionally, the timing
of cognitive testing might be an important factor in the assessment of DLAN-induced changes

in learning and memory, though this was not systematically reported.

Mood. The evidence supporting the impact of DLAN exposure on mood is inconsistent within
and across species (Table 1.5). Stress and anxiety phenotypes were investigated at the
physiological and behavioral level. Changes in glucocorticoids varied between studies. In fact,
plasma cortisol and corticosterone levels were either not impacted (Aubrecht et al., 2013;
Bedrosian etal., 2011; Fonken et al., 2010), reduced (Bedrosian, Galan, et al., 2013), or elevated
under DLAN (Fonken et al., 2012). DLAN animals showed either no anxiety phenotype in the
EPM, or reduced anxiety in the EPM and in the open field (OF) test. This was evidenced by
increased time in the open arms of the EPM, as well as a reduced rearing behavior and increased
time spent in the center in the OF (Aubrecht et al., 2013; Bedrosian et al., 2011; Gutiérrez-Pérez
et al., 2023; Hogan et al., 2015; Molcan et al., 2019). However, they displayed an anxiety
phenotype in the LD box, as indicated by increased latency to enter the light side (Aubrecht et
al., 2013). Variation in adrenal gland mass serves as an indicator of stress response activation
in rodent models (Herman et al., 2016). Age-dependent differences in adrenal gland mass have
been reported, with aged male C57BL/6 mice showing an increase (Liu et al., 2022), while
young male Swiss-Webster mice did not exhibit such changes (Aubrecht et al., 2013). Overall,

DLAN produced inconsistent effects on anxiety-like behaviors across different assessment
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methods and species. The effects of DLAN on depression-like behaviors are more consistent.
Depression phenotypes in the forced swim test and sucrose preference test were observed in the
majority of studies (Aubrecht et al., 2013; Bedrosian et al., 2011; Bedrosian, Weil, et al., 2013;
Fonken et al., 2012; Fonken & Nelson, 2013; Gutiérrez-Pérez et al., 2023; Hogan et al., 2015),
but not in others (Cleary-Gaffney & Coogan, 2018; Hogan et al., 2015). Re-exposure to a
standard LD cycle following chronic DLAN allowed for the reversal of such phenotype

(Bedrosian, Weil, et al., 2013).

Hippocampal Morphology. Neuroinflammation and changes in hippocampal circuitry have
been associated with stress and depression (Dantzer et al., 2008) (Table 1.5). Though highly
variable, changes in hippocampal cell morphology were consistently reported under DLAN
conditions. A reduction in the spine densities of CA1 neurons was observed in some studies
(Aubrecht et al., 2013; Bedrosian et al., 2011; Bedrosian, Weil, et al., 2013; Hogan et al., 2015;
Liu et al., 2023). This reduction was reversible upon return to standard LD conditions
(Bedrosian, 2013a). In most studies, no changes in CA1 dendrite length, cell body perimeter,
or area were reported (Aubrecht et al., 2013; Bedrosian et al., 2011; Fonken et al., 2012; Hogan
et al., 2015), with only one study noting a reduction in basal dendrite length (Fonken et al.,
2012), and another in cell body area (Hogan et al., 2015). This suggests that the connectivity of
CA1 neurons was primarily impacted, rather than its cell size. A reduction in CA3 and dentate
gyrus (DG) neuronal density was observed in mice (Aubrecht et al., 2013; Liu et al., 2023), but
not in hamsters (Bedrosian et al., 2011). This was accompanied by an increase in CA3 cell body
area (Aubrecht et al., 2013), and a decrease in DG dendrite length (Fonken et al., 2012).
Additionally, an acute exposure of only 4 days of DLAN reduced hippocampal vascular density
in the CA1, CA3, and DG regions, with sex-specific changes (Bumgarner et al., 2023). This
effect was further characterized under chronic DLAN, with reduced levels of hippocampal
vascular endothelial growth factor (VEGF) (Aubrecht, 2013). DLAN promoted neuronal
apoptosis, as evidenced by elevated Bax, Bcl2, and Bcl-xI hippocampal expression, as well as

elevated Caspase-3/p17/p19 levels in the CA3 region (Liu et al., 2023). This was accompanied
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by a decrease in NeuN-positive cells, indicating neuronal loss (Liu et al., 2023). Moreover, a
decrease in the cell proliferation marker Ki-67 was observed in the DG region (Cleary-Gaffney
& Coogan, 2018). While the effects of DLAN exposure on hippocampal cell morphology are
highly variable, when observed, studies found positive associations between these changes and
depression phenotypes exhibited in the forced swim test and the sucrose preference test
(Bedrosian, Weil, et al., 2013; Fonken et al., 2012). Interestingly, administration of a TNF
inhibitor, XPro1595, prevented the depression phenotype in the forced swim test, but not

changes in hippocampal cell morphology (Bedrosian, Weil, et al., 2013).

Hippocampal Inflammation. Hippocampal proinflammatory cytokines were minimally
impacted under DLAN conditions (Table 1.5). Tumor necrosis factor (TNF) expression was
either increased (Bedrosian, Weil, et al., 2013; Hogan et al., 2015), or unaffected by DLAN
(Aubrecht et al., 2013; Fonken & Nelson, 2013). Interleukin-1 beta (IL1p) and interleukin-6
(IL6) gene expression levels were unaltered across studies (Bedrosian, Weil, et al., 2013;
Fonken & Nelson, 2013; Hogan et al., 2015). Despite minimal effects on inflammatory markers,
brain-derived neurotrophic factor (BDNF) expression was consistently reduced in the
hippocampus following DLAN exposure (Bedrosian, Weil, et al., 2013; Fonken & Nelson,
2013). BDNF supports neuronal survival, differentiation, and synaptic plasticity, with
important roles in learning, memory, and mood regulation (Bramham & Messaoudi, 2005).
Beyond neurotrophic factors, DLAN reduced the hippocampal expression levels of insulin
signaling molecules, including phosphorylated AKT (pAKT), phosphorylated GSK3p
(pGSK3p), and B-catenin, while phosphorylated IRS1 (pIRS1) remained unaffected (Liu et al.,
2023). Complementary in vitro experiments using HT22 hippocampal cells demonstrated that
insulin treatment ameliorated DLAN-induced hippocampal neuronal apoptosis via the
IR/AKT/pGSK3p/B-catenin pathway, suggesting impaired insulin signaling as another
potential mechanism contributing to DLAN's neural effects (Liu et al., 2023). Together, these

findings provide some evidence for a broad inflammatory activation and impaired neurogenesis
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in response to DLAN exposure. However, it suggests that DLAN may impact neural plasticity

independently from hippocampal inflammation (McEwen et al., 2016).

Hypothalamic & Peripheral Inflammation. The effects of DLAN on inflammatory processes
outside the hippocampus show a mixed pattern (Table 1.5). In the hypothalamus, classical
inflammatory cytokines showed no response to DLAN exposure, with no detectable changes in
TNF, IL6, or IL1p expression (Fonken, Lieberman, et al., 2013). Similarly, molecular markers
of inflammatory signaling pathways remained unchanged, including the macrophage marker
MACI, the NF-xB pathway gene Ikbkb, and the neuropeptide precursor POMC (Fonken,
Lieberman, et al., 2013). POMC neurons in the hypothalamus are particularly important for
coordinating stress responses and regulating feeding behavior (Krude & Griiters, 2000). Despite
the absence of cytokine changes, subtle microglial alterations were observed. While Ibal
immunoreactivity was not impacted, the number of Ibal-positive cells increased (Fonken,
Lieberman, et al., 2013). This dissociation between microglial presence and lack of
inflammatory cytokine expression suggests that DLAN may alter microglial distribution or
proliferation in the hypothalamus without triggering a complete inflammatory response (Wolf
et al.,, 2017). In peripheral tissues, inflammation was observed in WAT. Gene expression
analysis revealed elevated MACI levels (Fonken, Lieberman, et al., 2013), indicating increased
macrophage activation under DLAN conditions. TNF was also elevated in WAT (Fonken,
Lieberman, et al., 2013), but not in epididymal fat pad specifically (Fonken, Weil, et al., 2013a),
while IL6 remained unchanged in either tissue. No inflammatory changes were observed in the
liver (Fonken, Lieberman, et al., 2013). These findings suggest that DLAN induces tissue-

specific inflammatory responses.
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Table 1.5. Effects of DLAN exposure on learning, mood and immune function in rodents. The
duration of DLAN exposure and the age of the animals are reported in weeks (w) and months
(m). TALLYHO/JngJ mice are a polygenic model of type 2 diabetes mellitus. Effects are
expressed as an increase (1), a reduction (), or no change (@). EPM = elevated-plus maze,
NOR = novel object recognition, OF = open field.

Species Night Day LD DLAN Sex Age Results Reference
light light cycle duration Mood & Learning Immune Function
Swiss 5lux 150 lux 14:10 4d Q3 Tw | hippocampal vascular density (CA1, Bumgarner et al., 2023
Webster CA3, DG)
4w <) 8w @ hypothalamic inflammation () Fonken, Lieberman, et
1 hypothalamic microglia (Iba1 al., 2013
positive cells)
@ hypothalamic microglial activation
(Iba1 immunoreactivity)
@ hepatic inflammation
1 WAT inflammation (TNF, MAC1)
4w <) 8w 1 epididymal fat inflammation (MAC1) Fonken, Weil, et al.,
@ epididymal fat inflammation (TNF, 2013
8w 3 8w @ blood corticosterone @ hippocampal inflammation (TNF) Aubrecht et al., 2013
@ anxiety (EPM) | hippocampal vascular density
| anxiety (OF) (VEGF)
1 anxiety (LD box) @ hippocampal neuronal density (CA1
1 depression (forced apical and basilar spine, CA3 apical
swim) spine)
@ learning (NOR, Y-maze, | hippocampal neuronal density (CA3
8w 3 8w @ blood corticosterone Fonken et al., 2010
Siberian 5lux 150lux 16:8 4w Q 8w 1 anhedonia | hippocampal neuronal density (CA1 Bedrosian, Weil, et al.,
hamster 1 depression (forced apical spine) 2013
swim) | hippocampal BDNF
1 hippocampal inflammation (TNF)
? ? 8w | blood cortisol Bedrosian, Galan et al.,
2013
8w ? 8w @ plasma cortisol | hippocampal neuronal density (CA1 Bedrosian et al., 2011
| anxiety (EPM) apical and basilar spine)
1 anhedonia ¢ CA1 dendrite length, cell body area
1 depression (forced and perimeter
swim) @ CA3, DG neurons
Nile grass 5lux 150 lux 14:10 3w 3 10w 1 blood corticosterone @ hippocampal spine density, cell Fonken et al., 2012
rat 1 anhedonia body area and perimeter
(diurnal) 1 depression (forced | CA1 and DG basilar dendrite length
swim)
Wistarrat 5lux 250Ilux 12:12 5w Q ™w @ anxiety (EPM) Gutiérrez-Pérez et al.,
| anxiety (OF) 2023
1 anhedonia
C57BL/6  5lux 150Iux 12:12 3w Q3 10w @ anhedonia | DG cell proliferation (Ki-67) Cleary-Gaffney &
mouse @ depression (forced Coogan, 2018
swim, tail suspension)
@ anxiety (EPM)
3w 3 3w | learning (NOR) | hippocampal neuronal density (CA1, Liu et al., 2023
CA3, DG)
1 neuronal loss (| NeuN-positive
cells)
1 hippocampal apoptosis (Bax, Bcl2,
Bcl-xl, Caspase-3/p17/p19)
| insulin signaling molecules in
hippocampus (pAKT, pGSK3B, B-
catenin)
@ insulin signaling molecules in
C3H/HeNH 5lux 150 lux 14:10 4w 3 8w | anxiety (OF) 1 hippocampal inflammation (TNF) Hogan et al., 2015
sd mouse @ anxiety (EPM) @ hippocampal inflammation (IL18,
1 anhedonia IL6)
@ depression (forced | hippocampal neuronal density (CA1
swim) apical and basilar spine)
@ CA1 dendrite length
5lux 150lux 16:8 4w ) 8w 1 anhedonia | hippocampal BDNF Fonken & Nelson, 2013

1 depression (forced
swim)

@ hippocampal inflammation (TNF,
IL1B)
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Recovery & Survival. Multiple studies have examined the impact of DLAN on the recovery
and survival of healthy and impaired animals, revealing consistent detrimental effects across
different physiological contexts. DLAN exposure impaired dermal wound healing in female
C57BL/6 mice, which is likely associated with a disruption in adaptive immune function
(Walker et al., 2019). In models of acute injury, DLAN significantly compromised recovery.
Animals housed under DLAN after undergoing ischemic stroke showed increased stroke lesion
size, elevated pro-inflammatory responses, sensorimotor deficits, and higher mortality (J. Liu
et al., 2022; Liu et al., 2024; Weil et al., 2020). Similarly, animals housed under DLAN
following an induced cardiac arrest exhibited increased mortality rates, heightened pro-
inflammatory responses, hippocampal damage, and weight loss (Fonken et al., 2019).
Moreover, chronic DLAN exposure reduced lifespan in aged C57BL/6 females (Liu et al.,
2022), and young TALLYHO/JngJ mice, a polygenic model of type 2 diabetes mellitus (Russart
et al.,, 2019). These findings indicate that DLAN exposure can significantly impair

physiological resilience and survival.

Reproductive Function. DLAN exposure can disrupt female reproductive physiology. A study
in Wistar rats reported significant disruptions in estrous cycling under chronic DLAN, with all
studied animals exhibiting irregular cycles with persistent estrus, as indicated by the
predominance of cornified cells in vaginal cytology (Gutiérrez-Pérez et al., 2023).
Reproductive disruption is particularly significant since the estrous cycle in rodents is regulated
by circadian clock genes and is sensitive to disruptions in circadian rhythms (Miller &

Takahashi, 2014).

Transgenerational Effects. Emerging evidence suggests that parental exposure to DLAN can
have profound and lasting impacts on offspring physiology, extending beyond immediate
environmental conditions. Maternal exposure to DLAN during pregnancy disrupted hormonal
and metabolic rhythms in rat offspring. Specifically, DLAN altered plasma melatonin rhythms

during early postnatal stages, and interfered with the developmental trajectories of
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corticosterone, thyroid hormones, glucose, and cholesterol rhythms during early life,
suggesting that prenatal DLAN can disturb endocrine and metabolic programming (Dzirbikova
et al., 2022). Moreover, a 9-week exposure to DLAN prior to mating impacted the adaptive
immunity of Siberian hamster offspring. In fact, DLAN altered offspring splenic melatonin and
glucocorticoid receptor expression, and enhanced antibody production to a novel antigen,
keyhole limpet hemocyanin (KLH), as a measure of humoral immune response. It also reduced
the delayed type hypersensitivity (DTH), characteristic of T-cell mediated immune response
(Cissé, Russart, et al.,, 2017). Interestingly, these effects showed variability not only by
offspring sex, but also by whether exposure occurred in the mother, the father, or both parents.
These findings suggest that parental DLAN exposure has transgenerational effects on
endocrine, metabolic, and immune function. While epigenetic changes have not been
investigated, they could provide a molecular basis for how parental DLAN exposure might

permanently alter offspring physiology without direct exposure.

Development. Investigations into the development-specific effects of DLAN have revealed
significant windows of vulnerability. Juvenile C57BL/6J mice exposed to 2 weeks of DLAN
during early life (PND10-24) or adolescence (PND30-44) showed no immediate changes in
anxiety or depression phenotypes (Chen et al., 2021). Strikingly, distinct physiological
alterations only emerged in adulthood, with adolescent DLAN exposure inducing a modest
anxiety phenotype in females, and depression in both sexes, despite returning to standard LD
conditions. Females also exhibited an enhanced hippocampal cytokine response (IL1J)
following peripheral lipopolysaccharides (Burkhart & Phelps). These findings suggest that
animals are particularly susceptible to developmental DLAN disruptions during adolescence,
with females displaying heightened vulnerability. Ciss¢ and colleagues (2017) further
compared the effects of 4 weeks of DLAN exposure beginning at either 3 weeks (early
adolescence) or 5 weeks of age (late adolescence) in adult Swiss-Webster mice. While
locomotor activity, fasting glucose, glucose tolerance, and hepatic clock gene expression

remained unchanged, age-specific metabolic and behavioral alterations emerged. Mice exposed
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to DLAN at 5 weeks exhibited increased body mass (males), and enhanced gonadal fat (both
sexes), while those exposed at 3 weeks showed no significant changes. Conversely, exposure
beginning at 3 weeks increased daytime feeding in both sexes without altering total intake,
whereas exposure from 5 weeks only shifted male feeding patterns (Cissé, Peng, et al., 2017).
These findings underscore specific developmental windows of susceptibility to DLAN, with
feeding behavior being more vulnerable during early adolescence, and body composition during
later adolescence. Epigenetic modifications, such as changes in DNA methylation patterns
within the SCN (Azzi, 2014), could explain the observed lasting effects on immune, endocrine,
and metabolic function. It is worth noting that the previously cited study by Liu and colleagues
(2023) initiated DLAN exposure during adolescence (3 weeks of age) without specifically
framing their research as developmental studies (Liu et al., 2023). While they focused on
outcomes rather than developmental windows, their findings on hippocampal insulin signaling,
apoptosis, and morphology may reflect both the immediate effects of DLAN and the
consequences of exposure during a sensitive neurodevelopmental period. However, as
described in the previous sections, the outcomes of early life and adolescent DLAN exposure

mirror those reported under adulthood exposure.

Conclusion. This is, to date, the most comprehensive review of the effects of DLAN in rodents.
It reveals that DLAN produces widespread, yet nuanced effects in various rodent models, both
at the molecular, physiological, and behavioral level. The most consistent findings include
disruption of molecular circadian rhythms in peripheral tissues, altered temporal distribution of
activity, sleep, and feeding rhythms, metabolic dysregulation, increased depression phenotypes,
and compromised recovery from injuries or disease challenges. The magnitude and specific
manifestations of these effects vary considerably by species, strain, sex, and developmental

stage, with certain populations showing heightened vulnerability.

Limitations. Despite the number and range of studies covered in this review, several important

limitations should be considered when interpreting these findings. To start, 70% (28/40) of the
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reviewed DLAN literature originates from a single research group, introducing potential
investigator biases. While the reviewed studies employ diverse rodent models, they possess
inherent differences in light sensitivity that should be noted. About half of the studies used
albino strains, including Swiss-Webster mice, CD1 mice, and Wistar rats, which lack melanin
in the iris and retinal pigment epithelium, and consequently experience greater retinal light
exposure than pigmented strains (Peirson et al., 2018). This heightened sensitivity could
amplify DLAN effects, and may not accurately represent responses that are generalizable to
other species. Moreover, only ~ 30% of the studies employed females, with 7/40 studies looking
at both sexes. This lack of inclusion further complicates the interpretation and direct
comparison of findings. Finally, substantial variation exists in exposure parameters, including
dim light intensity (2-20 lux), daytime light intensity (130-300 lux), the ratio between day and
night light, and the duration of exposure (acute vs chronic). Studies also employ different
baseline LD cycles (12:12, 14:10, or 16:8), introducing additional variability. The diversity of
measures employed further complicates direct comparisons. Specifically, the timing of
measurements relative to circadian phase was inconsistently reported, potentially confounding

results for parameters with strong daily rhythms.

1.2.4. Dim Light in the Evening

For most individuals, light exposure is concentrated in the evening hours before sleep, rather
than continuously throughout the night. As such, the DLAN model may not reflect the most
common pattern of light exposure in humans. This suggests that an evening-specific paradigm
would be a more translationally relevant model to investigate. To address this limitation, our
laboratory developed the dim light in the evening (DLE) paradigm (Tam et al., 2021). The DLE
protocol comprises a standard 12-hour light phase at 200 lux, followed by a 4-hour evening
light period at 20 lux, and an 8-hour dark phase. It was designed to parallel human studies
conducted in non-laboratory settings (Wright et al., 2013), which reported that approximately

3-4 hours of 20-30 lux artificial lighting exposure disrupted sleep and circadian rhythms.
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In our initial characterization of DLE effects, we demonstrated that 2 weeks of 4-hour, 20-lux
DLE exposure produces a phase delay of approximately 2-3 hours in C57BL/6J mice,
comparable to effects reported in humans (Tam et al., 2021). This phase shift was evident in
several physiological and behavioral measures, including locomotor activity rhythms, sleep
patterns, and molecular clock rhythms in peripheral tissues. Importantly, these phase shifts
persisted in constant darkness, confirming that they represent changes in the circadian system
rather than masking effects of light. The molecular basis of the DLE effects was investigated
through analysis of clock gene expression in the heart, liver, adrenal gland, and dorsal
hippocampus. DLE exposure delayed the phase of multiple core clock genes, including Bmall,
Per2, Reverb, Cryl, and Dbp. Additionally, analysis of brain cFos expression revealed that
DLE attenuated the daily rhythm in SCN activity, while simultaneously reversing activity

patterns in the medial prefrontal cortex.

Beyond circadian phase shifts, DLE induced notable changes in sleep architecture. While total
sleep duration remained unchanged, DLE significantly altered the temporal distribution of
sleep, with increased sleep during the dim evening period and decreased sleep in the first hours
of the following light phase. These findings mirror human studies showing that evening light
exposure can delay sleep onset and increase morning sleepiness (Cain et al., 2020; Chang et al.,
2015). DLE also reversed the diurnal pattern of short-term recognition memory performance.
Under standard lighting conditions, mice exhibited better object and odor recognition at ZT2
(early in the light phase) compared to ZT14 (early in the dark phase). Following DLE exposure,
this pattern was inverted, with improved performance at ZT 14 and reduced performance at ZT2.
This behavioral change was strongly correlated with preceding sleep history, suggesting that

DLE-induced alterations in sleep patterns directly impacted cognitive function.

Mechanistically, the DLE effects appear to involve a coordinated realignment of central and
peripheral oscillators. These findings thus establish DLE as a translationally relevant model for

studying the effects of evening light exposure on circadian physiology and behavior. However,
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further investigation into the acute and chronic consequences of DLE, as well the underlying

mechanisms, is needed to comprehensively characterize the extent of its effects.

1.2.5. Long Photoperiod

One may question how exposing mice to DLE differs from a natural summer day. Indeed,
summer days typically provide about 16 hours of light exposure, and are associated with a
weakening of SCN neuronal synchrony, notably between VIP-expressing core neurons and
AVP-expressing shell neurons, and an alteration of phase-resetting responses (Porcu et al.,
2018; Ramkisoensing et al., 2014; VanderLeest et al., 2007). This desynchronization is
accompanied by changes in clock gene expression patterns, with Per/ and Per2 showing altered
amplitude and phase across SCN subregions (Johnston et al., 2005; Messager et al., 1999).
Living under constant summer days thus has disruptive effects on circadian organization.
However, these effects typically differ from the adverse health outcomes linked to evening
artificial light exposure. We argue that DLE differs qualitatively from summer evenings or long
photoperiods, with important differences in light intensity dynamics, physiological effects, and

behavioral outcomes.

The primary distinction between DLE and long photoperiods lies in the amplitude of light
fluctuation. As light intensity in the summer can reach over 50,000 lux at midday, long
photoperiods are typically reproduced in a laboratory setting using a constant 16-hour bright
light. In contrast, our DLE protocol sets daylight at 200 lux, and only decreases it by a 10-fold
in the evening. In that way, the absence of high-intensity daylight makes dim evening light
much more impactful. Indeed, Wright and colleagues (2013) showed that exposure to a lower
amplitude electrical light during the day delays melatonin and sleep phase compared to a natural

summer day (Wright et al., 2013).

To directly examine the differences between DLE and long photoperiods, we compared

locomotor activity rhythms and sleep patterns under DLE and 16:8 LD (16h 200 lux:8h 0 lux)
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conditions (Tam et al., 2021). Our findings revealed substantial differences in circadian
entrainment between these lighting protocols. Under 16:8 LD, activity onsets and midpoints
were further delayed by ~ 2h and ~ 1h, respectively, relative to DLE. Additionally, sleep
patterns showed more pronounced changes under 16:8 LD, with mice sleeping more during

ZT8-16 and ZT20-24, but sleeping less during ZT0-4, compared to DLE conditions.

These differences suggest that while DLE and long photoperiods both extend light exposure,
long photoperiods appear to induce more substantial phase shifts and alterations in sleep
architecture. The distinct effects of DLE highlight the importance of both light intensity and
timing in determining circadian responses. Rather than simply extending the photoperiod, DLE
represents a unique form of circadian disruption characterized by the absence of bright daylight
and an inappropriate light exposure during the evening. As such, DLE appears to represent a

more accurate model of contemporary light exposure.

1.3. Aims

This thesis aims to investigate how DLE exposure impacts circadian physiology and behavior
in mice. While the disruptive effects of bright light throughout the night have been well
documented, the research regarding the consequences of exposure to dim light during the early
evening period remains limited. This thesis thus examines the effects, mechanisms, and

potential mitigation strategies for DLE exposure (.. 1.9).

1.3.1. Characterization of Chronic Dim Light in the Evening Effects

Chapter 2 aims to characterize the chronic effects of DLE on circadian physiology and
behavior in mice, building upon our initial findings on acute DLE exposure. Specifically, this
chapter addresses the effects of a 12-week DLE exposure on a) activity, b) sleep, ¢) body
temperature, d) clinical blood chemistry, e) stress hormones, f) anxiety behavior, and g)

cognitive performance. It investigates potential differences between acute and chronic exposure
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to DLE, as well as whether males and females respond differently to this disrupted lighting

condition.

1.3.2. Mechanisms of Dim Light in the Evening Effects

Chapter 3 seeks to elucidate the mechanisms through which DLE affects physiology and
behavior in mice. This chapter addresses the distinct contribution of circadian disruption and
changes in sleep distribution during the dim phase, and investigates whether the phase-delaying
effects of DLE represent true entrainment or masking responses that disappear in constant

conditions.

1.3.3. Mitigation of Dim Light in the Evening Effects

Finally, Chapter 4 explores potential strategies to attenuate the effects of DLE on activity
rhythms in mice. This chapter examines a) whether increasing daytime light intensity can
reduce the phase-delaying effects of DLE by enhancing the contrast between day and evening
light levels. It also investigates b) whether filtering short-wavelength light during the evening
attenuates DLE effects, and whether this effectiveness depends on the overall light intensity.
Additionally, this chapter tests c¢) whether targeted stimulation of specific photoreceptors

through violet light supplementation can counteract the phase-delaying effects of DLE.

Together, these aims provide a comprehensive investigation of DLE, from characterization to
mechanisms and intervention, with the overarching goal of understanding how modern artificial
light environments affect circadian biology, and identifying potential strategies to mitigate any

adverse effects.
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Dim Light in the Evening
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Figure 1.9. Schematic overview of the aims of the thesis. This project investigates the effects
of dim light in the evening (DLE; ZT12-ZT16) on circadian rhythms. It addresses 1) the
consequences, 2) mechanisms, and 3) potential interventions to attenuate these effects.
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Chapter 2. Consequences of Extended Dim Light in the Evening

2.1. Introduction

The preceding chapter established DLE as a translationally relevant model for studying the
effects of evening artificial light exposure on circadian physiology and behavior. Our initial
characterization demonstrated that a 2-week exposure to DLE produces significant alterations
in activity, sleep, and molecular rhythms, and affects cognitive performance (Tam et al., 2021).
However, in the modern environment, humans are typically exposed to evening artificial
lighting throughout their lives rather than for brief periods. This chronic exposure raises
important questions about potential adaptation, accumulation of effects, or emergence of novel

physiological consequences that may not be apparent during shorter exposures.

While our initial investigation uncovered the effects of acute exposure, the consequences of
extended DLE remain unknown. Chronic circadian disruption has been associated with a wide
range of adverse health outcomes, including metabolic dysfunction, cognitive impairment,
mood disorders, and compromised immune function (Bass & Takahashi, 2010; Johnston et al.,
2016; Marcheva et al., 2013; Panda, 2016; Serin & Acar Tek, 2019). However, most studies
have employed more severe disruption paradigms, such as constant light or jet lag. This chapter
therefore examines the effects of a 12-week exposure to DLE on circadian rhythms and its
associated physiological and behavioral parameters through a comprehensive phenotyping

screen.

Home cage activity and sleep are fundamental outputs of the circadian system and serve as key
indicators of circadian entrainment and disruption in mice. Locomotor activity exhibits robust
24-hour rhythms with characteristic metrics, including period length, amplitude, phase, power,
and stability (Brown et al., 2019). Sleep, while regulated by both circadian and homeostatic
processes, shows distinct temporal patterns, with approximately 60-70% occurring during the

light phase (Brown et al., 2016). Body temperature follows a robust circadian rhythm that is
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closely tied to the sleep/wake cycle. Its daily oscillation, typically ranging 1-2 °C in mice, is
orchestrated by the SCN in concert with peripheral clocks throughout the body, and peaks
during the night when mice are most active (Refinetti & Menaker, 1992). Measuring activity,
sleep, and body temperature rhythms thus provides direct insights into the effects of disruptive

light schedules on the circadian system.

These primary circadian outputs are intimately connected with metabolic regulation, with
bidirectional interactions that synchronize energy production and utilization with the
sleep/wake cycle. The relationship between metabolism and circadian rhythms is further
reflected in the daily fluctuations of various metabolites in mice. Glucose, the primary cellular
energy source and a key regulator of insulin secretion, exhibits clear diurnal variations
(Kalsbeek et al., 2014; Qian & Scheer, 2016). Glucose levels in mice typically peak during the
dark phase, coinciding with their active feeding period (la Fleur et al., 2001; Rudic et al., 2004).
Lactate, a product of anaerobic glycolysis, fluctuates with activity levels and glucose
utilization, peaking during the dark phase (Naylor et al., 2012). Glycerol, a component of
triglycerides involved in gluconeogenesis and glycolysis, is a key indicator of lipolysis and an
important energy substrate during fasting. Glycerol concentrations generally rise during the
light phase when mice are mostly inactive and fasting, peaking near the light-to-dark transition
as lipolysis increases to prepare for the active phase (Shostak et al., 2013). Total cholesterol
and its high-density lipoprotein (HDL), crucial for cell membrane structure, function, and
steroid hormone synthesis, also show circadian patterns (Gooley & Chua, 2014). HDL
specifically plays a role in reverse cholesterol transport, removing excess cholesterol from
peripheral tissues (Gordon et al., 2015; Lee-Rueckert et al., 2016). Cholesterol synthesis rates,
influenced by feeding cycles, are highest during the dark phase, with total and HDL cholesterol
levels peaking in the early light phase (He et al., 2021). Similarly, triacylglycerols (TAG), the
main form of stored energy in adipose tissue and a transport form of fatty acids, display diurnal
variations connected to feeding patterns, with their synthesis mirroring food intake, and highest

concentration during the light phase (Adamovich et al., 2014; Pan & Hussain, 2009). These
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oscillating metabolic parameters serve as sensitive indicators of potential disruption in

peripheral clocks.

Beyond metabolic parameters, circadian disruption can also impact stress responses and anxiety
behaviors. To assess these effects, we employed three complementary and widely used
behavioral assays for rodents: the elevated-plus maze (EPM), the open field (OF), and the light-
dark (LD) box. The EPM is based on rodents' innate fear of open and elevated spaces (Komada
et al., 2008; Pellow et al., 1985; Rodgers & Dalvi, 1997; Walf & Frye, 2007). It consists of two
open arms and two closed arms arranged in a cross shape and elevated above the floor.
Increased time and entries in closed arms indicates higher anxiety behavior. The OF test
consists of a large open arena, and is further used as a measure of open space-induced anxiety
(Gould et al., 2009; Kraeuter et al., 2019; Seibenhener & Wooten, 2015; Walsh & Cummins,
1976). Decreased overall activity and increased thigmotaxis, or wall-hugging behavior,
indicates higher anxiety. On the other hand, the LD box utilizes the natural aversion of mice to
brightly illuminated areas to assess anxiety (Bourin & Hascoét, 2003; Crawley & Goodwin,
1980). It consists of two compartments: one lit and one dark area. Increased time spent in the
dark area and fewer LD transitions suggest higher anxiety behavior. These tests provide
complementary information about an array of anxiety behaviors in rodents, and are typically
interpreted in conjunction with other physiological measures, such as plasma corticosterone

levels, to provide a comprehensive assessment of stress and anxiety (Bailey & Crawley, 2009).

Furthermore, cognitive function, particularly recognition memory, also demonstrates daily
variation. The spontaneous recognition memory task exploits rodents' natural preference for
novelty, requiring minimal training while providing robust measures of recognition memory.

As such, it was employed as a measure of cognitive performance.

Here, we examine the consequences of a 12-week DLE exposure on circadian physiology,

mood, cognitive function, and metabolic regulation. This comprehensive assessment will
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provide the first evidence for how prolonged DLE exposure affects mouse circadian biology in

ways that may parallel the experiences of humans in modern light environments.

2.2. Methods

Animals and Housing Conditions. Two cohorts, each consisting of 24 animals (1:1 male-
female ratio), were used in this study. Wild-type C57BL/6J animals were purchased from
Inotiv, Inc. (UK), and were about 9 weeks old at the beginning of the study. Animals were
singly housed in large MB1 (NKP Isotec) open top cages (45 L x 28 W x 13 H cm) under a
12:12 LD cycle for a minimum of one week prior to the start of experiments. They had no prior
history of regulated procedures. Food (Teklad 2916) and water were provided ad [libitum
throughout the study. The temperature and relative humidity of the animal room were
maintained at 20-24°C and 45-65%. Pathogen-free conditions were maintained throughout the
study by the animal facility. Serology, bacteriology, and parasitology reports (Surrey
Diagnostics Ltd., UK) noted one case of Enteromonas Sp, and one case of Chilomastix Sp,

though the animals were not part of this study.

Lighting. Mice were housed in ventilated light-tight chambers (LTC) equipped with multiple
cool-white light-emitting diodes (LEDs) (Luxeon Star LEDs, Quadica Developments Inc.,
Canada). These LEDs provided a light level of 200 photopic lux during the day, giving < 10 S-
cone, 130 melanopic, 140 rhodopic and 150 M-cone opic lux. The spectral power distribution
featured a higher, narrower peak at ~ 460 nm, and a lower, broader peak at ~ 560 nm (Supp.

Fig. 2.1; Supp. Table 2.1).

Experimental Design. After a one-week baseline period under 12:12 LD, the experimental
group received dim light in the evening (DLE) from ZT12 to ZT16 for 12 weeks. Evening light
levels were kept at 20 lux, giving < 1 S-cone opic lux, 13 melanopic lux, 14 rhodopic lux and
15 M-cone opic lux (Lucas et al.,, 2024). Control animals remained under standard LD

conditions throughout. Animals were handled periodically to habituate them to experimenter
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handling. Following the 12-week period, animals underwent a series of behavioral tests, as well
as either terminal tissue collection or blood collection. At the end of the experiment, mice were
euthanized by cervical dislocation. The experimental timeline for each cohort of animals is

detailed in Figure 2.1. Experimenters were not blind to the animals’ sex or lighting condition.

Compliance. This study is reported in accordance with the ARRIVE 2.0 guidelines. All
experimental procedures were carried out at the University of Oxford, UK, in accordance with
the University of Oxford Policy on the Use of Animals in Scientific Research and the United
Kingdom Animals (Scientific Procedures) Act 1986, under Project License PP0911346 and

Personal License 134186130.

Body temperature
Anxiety behavior
Recognition memory

N = 12 per group PIR activity & sleep

(1:1 male/female)
Culling &
1 <—— Blood collection

o | LD | DLE | DLE| atZT2 and ZT14

Week -1 0 12 14

200 20 0 lux

ZT0 12 16 24

Figure 2.1. Experimental timeline for the investigation of the chronic effects of DLE on
physiology and behavior. Animals (N = 12 per group, balanced male/female ratio) were first
maintained under baseline LD conditions (12:12, 200/0 lux) for 1 week before transitioning to
DLE (12:4:8, 200/20/0 lux) for 12 weeks. Body mass was recorded at baseline and at weeks 5,
10 and 12 of DLE exposure. Home cage locomotor activity was continuously monitored
throughout the 12-week period using PIR sensors, with activity analysis performed on the data
from the final week. At the conclusion of the 12-week DLE exposure, peripheral body
temperature, anxiety behavior, and cognitive performance were assessed, with the test order
counterbalanced between groups. Behavioral testing lasted 2 weeks, after which animals were
euthanized at either ZT2 or ZT14, with terminal blood samples collected for clinical chemistry
analysis and corticosterone measurement.
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Home Cage Activity Monitoring. A passive infrared sensor (PIR, Panasonic AMN32111) was
positioned above each cage to monitor locomotor activity, following the validated method
described by Brown et al. (2016). To optimize tracking accuracy, gaps beneath the food and
water hoppers in MB1 cages were sealed using Perspex blocks, and nesting material (paper-
based sizzle-nest or cotton fiber nestlets) was provided in a quantity that did not fully obscure
the animal from the sensor. Within each LTC, six PIR sensors were connected to an Arduino
(Arduino Uno R3) alongside a light-dependent resistor (Farnell, UK) to monitor the light
environment. The Arduinos were interfaced with a Raspberry Pi (Raspberry Pi 3 B) and
processed using Node-RED. PIR data were recorded at a 10 s temporal resolution. Data from
the 12th week of DLE exposure (7 days) were used for the analysis. PIR activity counts were

averaged in 1 min bins and in 1 h bins to compute the different activity analyses.

Circadian Disruption Measures. Actograms and Chi-square periodogram were computed in
Actogram] (Schmid et al., 2011). Inter-daily stability, intra-daily variability, relative amplitude,
light-phase activity, and total activity were calculated in R. Equations are provided in

Supplemental Figure 2.2 (Brown et al., 2019; Witting et al., 1990).

PIR-Defined Sleep. Brown et al. (2016) have shown that > 40 s of PIR immobility is highly
correlated with electroencephalogram (EEG)-defined sleep (Brown et al., 2016). Using this
method, we computed PIR-defined sleep for every animal. For each 10 s bin of the recording,
mouse activity was scored as “1” if the activity count > 0, and “0” otherwise. A 40 s rolling
sum was applied to count the number of consecutive bins of activity. If the sum = 0, then PIR-
defined sleep was scored as “1” for asleep. If the sum > 0, then it was scored as “0” for awake.
Sleep proportion was defined as the number of bins with a “1” sleep score divided by the total

number of bins in that time window.

Body Mass. Animals (Cohort A) were weighed at four time points throughout the study, around

ZT10. Initial baseline measurements were taken prior to the start of the DLE protocol.
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Subsequent weighings were conducted at week 5 and week 10 of DLE exposure, with a final

measurement at the conclusion of the 12-week DLE period.

Body Temperature. Animals (Cohort A) were transferred to small open top cages (48 L x 15
W x 13 H cm) positioned under thermal cameras (Optris PI 160 with standard 61° lens, Optris,
Germany). Skin temperature was recorded at a 1 sec temporal resolution for 48 h using the PIX
Connect software (Optris, Germany), storing the temperature of the warmest pixel. Nesting
material was limited to ensure continuous visibility of the mice. One animal, a control male,
was excluded from the analysis due to a system malfunction during the recording. Data from
the second day of body temperature recordings were analyzed, eliminating potential disruptions
caused by the cage change on the first day. To estimate core body temperature from skin
temperature measurements, data were first processed by selecting the maximum value per
rolling 60 s intervals. This step accounted for fluctuations in the hotspot location or temporary
concealment due to peripheral temperature variations. The values were then averaged into 30

min bins to reduce noise associated with movement (van der Vinne et al., 2020).

Anxiety Testing. Anxiety testing took place over three consecutive days, and only one
behavioral test was conducted per day for each animal. For each experiment, mice (Cohort A)
were brought into the test room 5 to 10 min prior to the onset of testing. The testing arena was
cleaned with 70% ethanol between trials. Illuminance was 200 lux at the base of each apparatus,

unless stated otherwise.

Elevated-Plus Maze (EPM). The EPM consisted of a black, wooden, cross-shaped elevated
platform (50 cm H), with two closed arms (30 L x 5 W x 20 H cm) and two open arms (30 L x
5 W cm) connected by a central square (5 x 5 cm) (Fig. 2.7A). A USB video camera was placed
on a tripod ~ 1 m above the EPM and connected to a desktop. Two “closed” arm regions, two
“open” arm regions, and one “center” region, were defined using the ANY-maze software
(Stoelting Co, US). EPM tests took place at ZT4. Animals (N = 24) were placed in the center

of the apparatus and allowed to explore for 10 min. The key variables extracted were the number
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of entries and the time spent in the open-arms, closed-arms, and center zone, as well as the total

distance travelled.

Light-Dark Box (LD box). The LD box consisted of one white and one black Perspex acrylic
box (20 L x 20 W x 40 H cm), connected by a small opening. The opening allowed animals to
move between the two adjacent boxes (Fig. 2.7E). The white box was equipped with an LED
light giving a 200 lux light level, while the black one was under constant darkness. Both boxes
were equipped with an infra-red USB video camera attached to the boxes’ lid. “Light” and
“dark” regions were defined using the ANY-maze software (Stoelting Co, US). LD box tests
took place at ZT5, and the order of testing between the EPM and the LD box was
counterbalanced. Animals (N = 24) were placed in the light section of the apparatus and left to
explore for 10 min. The key variables extracted were the number of transitions and the time

spent in the light and dark boxes, as well as the total distance travelled.

Open Field (OF). The OF consisted of an open white Perspex acrylic arena (25 x 25 x 25 cm).
A USB video camera was placed on a tripod ~ 1 m above the OF and connected to a desktop.
Two distinct regions within the OF were defined using ANY-maze (Stoelting Co, US). A
“center” region was defined as a 15 cm x 15 cm square at the center of the box, while an “outer”
region represented a 5 cm width perimeter outside that square (Fig. 2.7I). Four “corner” regions
(5 x 5 cm) were also defined within the outer region, at each corner of the box. OF tests took
place at ZT6 and occurred after animals were tested for both the EPM and LD box. Animals (N
= 24) were placed at the center of the box and left to explore for 10 min. The key variables
extracted were the number of entries and time spent in the center, outer, and corner zones, as

well as the average speed and total distance travelled.

Recognition Memory Tasks. Recognition tests were conducted in a square open field arena
(25 x 25 x 25 cm) made of opaque white Perspex acrylic. Prior to experimentation, animals
(Cohort A) were acclimatized to the arena for 10 min at ZT6 (midday) one day before the first

recognition test. The recognition paradigm comprised three phases: training, delay, and test,
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and were performed at two time points: ZT2 under 200 lux illumination (day) and ZT14 under
dim red light (night). To mitigate potential order effects, animals were counterbalanced for the
time point of their initial test and the objects/odors they encountered, as well as their placement,
as detailed in Supplemental Table 2.2. The study employed three sets of objects and three sets
of odors (Supp. Fig. 2.3). To eliminate olfactory cues, the arena, objects, and flasks were

thoroughly cleaned with 70% ethanol after each phase.

Novel Object Recognition. All animals first underwent the novel object recognition task. During
the training phase, animals were placed in an arena for 10 min to explore two identical objects
positioned at opposite ends of the box (Fig. 2.8A). Subsequently, animals were returned to their
home cages for a 3-minute delay phase. The test phase involved reintroducing the animals to
the arena for 3 min, where they encountered one “familiar” object and one “novel” object to

assess novelty preference.

Novel Odor Recognition. The novel odor recognition task followed an identical protocol on the
subsequent day (Fig. 2.8E). During the training phase, 1 mL of the same extract was placed in
two brown glass vials (1.5 cm base diameter x 2.2 cm height, with a circular opening of 0.7 cm
diameter) positioned on each side of the cage. A vial with a different extract was introduced as

the “novel” odor during the testing phase.

All sessions were video-recorded with a USB camera mounted ~ 1 m above the arena, and
analyzed using ANY-maze tracking software (Stoelting Co, US). The key variables extracted
were the number of entries and the time spent within the familiar and novel object/odor zone,
as well as the total distance travelled during the testing phase. Investigation was defined as
directing the head toward the object or odor at a distance of < 2 cm. Calculations for the
recognition index are provided in Supplemental Figure 2.4. Results for the 3-minute testing

phase were analyzed.
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Tissue Collection. Animals (Cohort A) were euthanized by cervical dislocation at ZT2 (N =
12) and ZT14 (N = 12). Samples from the eye, dorsal hippocampus, motor cortex, olfactory
bulb, SCN, paraventricular nucleus, heart, liver, lung, kidney, adrenal gland, and white adipose

tissue were collected and flash frozen on dry ice before being stored at — 80 °C.

Blood Collection and Analysis. Animals (Cohort B) were euthanized by cervical dislocation
at ZT2 (N =12) and ZT14 (N = 12). Blood was immediately collected via cardiac puncture into
polypropylene tubes. Samples were allowed to clot at room temperature for 2 h before being
centrifuged at 2000 x g for 20 min. The serum (60-180 pL) was removed, aliquoted and stored
at - 80 °C until analysis. Serum samples were processed for corticosterone concentration and

clinical chemistry panel.

Corticosterone Concentration. The Parameter™ Corticosterone Assay (Catalog Number
KGE009, R&D Systems Inc, US) was used to quantitatively determine corticosterone
concentration. Serum samples (5 pL) were diluted by 100 fold using the Calibrator Diluent
RD5-43 provided in the kit. Samples were then pre-treated by adding 150 pL of the sample and
150 pL of the Pretreatment E. Reagent preparation and assay procedure were conducted
according to the manufacturers® instructions. Samples and standards were assayed in triplicate.
The absorbance was read using a microplate reader (FLUOstar Omega, BMG Labtech,
Germany) set to 450 nm, with a wavelength correction set to 540 nm. Corticosterone
concentrations were calculated based on the standard curve (Supp. Fig. 2.5), and adjusted for

dilution (multiplied by 200).

Clinical Chemistry. Serum samples (50 pL) were diluted in distilled water (1:1) and processed
for their concentration of glucose, O-benzyl-B-D-glucoside (OBB-glucose), total cholesterol,
glycerol, high-density lipoprotein (HDL) cholesterol, lactate, triacylglycerols (TAG), non-
esterified fatty acids (NEFA), alanine aminotransferase (ALT), urea, 3-hydroxybutyrate (3-
OHB), and C-reactive protein (CRP). Metabolites were measured via photometric assays on a

semi-automatic analyzer (AU480 Chemistry Analyzer, Beckman Coulter, US), following the

67



manufacturer’s instructions. Metabolite concentration was adjusted for dilution (multiplied by
2). Three samples per sex, per time point, and per lighting condition were processed. One
sample (female, ZT14, DLE) only yielded results for glucose concentration, likely due to
equipment malfunction. Additionally, ALT concentrations were unavailable for four samples
(1 male, ZT2, LD; 1 male, ZT14, LD; 1 female, ZT14, LD; 1 female, ZT14, DLE). The reduced
sample size, particularly for ALT measurements and the female DLE ZT14 group, lowered

statistical power.

Statistical Analyses. Statistical testing and plotting were conducted in Prism 10. Regular and
repeated-measures two-way ANOVAs, with a Geisser-Greenhouse correction (for lack of
sphericity), and Holm-Sid4k’s multiple comparisons test were computed. When comparing two
groups, unpaired nonparametric Mann-Whitney tests were used, as the distribution of the data
was not Gaussian. a = 0.05 was adopted in all analyses. Mean + standard error of the mean

(SEM) was used for all plots.

2.3. Results

Locomotor Activity. Home cage locomotor activity was recorded continuously for 12 weeks
for animals exposed to 12:12 LD (Fig. 2.2A) or DLE (Fig. 2.2B). All animals exhibited a
circadian period close to 24 h (Mann-Whitney, U = 68, p = 0.8662; Fig. 2.2C). Chi-square
periodogram analysis revealed no differences between groups in the distribution of
periodogram power (Time x Lighting, Fos9, 21098 = 0.8181, p > 0.9999; Fig. 2.2D) or maximum
Qp (Mann-Whitney, U = 52, p = 0.2657; Fig. 2.2E, Supp. Table 2.3). This indicates a similar

level of robustness for activity rhythms under both LD and DLE.

Averaged daily activity profiles revealed a main effect of Time (Time, Fis.732, 126.) = 69.47, p <
0.0001; Fig. 2.3A), as expected for mouse activity over the day/night cycle. We also found a
Time x Lighting interaction (Time x Lighting, F23, 505 = 17.83, p <0.0001; Fig. 2.3A), showing

that the timing of activity differed between groups. This was caused by a delay in the peak of
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activity thythms from ZT12 to ZT16 for DLE animals. The distribution of activity also varied,
with DLE animals showing higher levels of activity during the day (ZT0-12) and night (ZT16-
24) periods, but lower levels of activity during the evening (ZT12-16) relative to controls (Time
x Lighting, Fp» 44 = 38.95, p <0.0001; Fig. 2.3B). Yet, the total activity count per day did not

differ between groups (Mann-Whitney, U = 61, p = 0.5512; Fig. 2.3C).

Animals exposed to chronic DLE did not show differences in their inter-daily stability relative
to controls, with both groups exhibiting a high level of day-to-day reproducibility (Mann-
Whitney, U = 49, p = 0.1978; Fig. 2.3D). DLE animals showed a similar degree of
fragmentation, with comparable intra-daily variability measures (Mann-Whitney, U = 66, p =
0.7553; Fig. 2.3E). However, the distribution of activity bouts slightly differed between groups
(Bout length x Lighting, F7, 159 =2.257, p = 0.0325; Fig. 2.3F). Post-hoc analysis did not reveal
any significant differences. Finally, DLE animals displayed a 4.12% decrease in relative

amplitude compared to controls (Mann-Whitney, U = 23, p = 0.0036; Fig. 2.3G).

Data disaggregation by sex revealed differences between the activity rhythms of males and
females, regardless of the lighting condition. While there were no sexual differences in
circadian period (Sex, F, 200 = 1.762, p = 0.1994; Supp. Fig. 2.6A), females exhibited higher
maximum periodogram power (Sex, £y, 29 =21.84, p =0.0001; Supp. Fig. 2.6B), higher inter-
daily stability (Sex, Fyi, 29 = 15.10, p = 0.0009; Supp. Fig. 2.6C), lower intra-daily variability
(Sex, Fy, 20 = 43.17, p < 0.0001; Supp. Fig. 2.6D), higher relative amplitude (Sex, F;, 29 =
12.21, p = 0.0023; Supp. Fig. 2.6E), and higher total activity (Sex, F, 29 = 26.42, p < 0.0001;
Supp. Fig. 2.6F, Supp. Table 2.4). All representative actograms can be found in Supplemental

Figure 2.7.
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Figure 2.2. Home cage locomotor activity and circadian rthythm measures following 12 weeks
of DLE (N = 12 per group). Representative double-plotted actogram of locomotor activity
during the 12th week of the experiment for A. a control female animal under 12:12 LD, and B.
a female animal under DLE. Yellow shading indicates light phases. C. Period of activity
rhythms. D. Chi-square periodogram analysis. E. Maximum Qp values. Mean +/- SEM.
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Figure 2.3. Analysis of locomotor activity rhythms following extended DLE exposure (N = 12
per group). A. 24-hour activity profile. PIR data were normalized for each animal using min-
max scaling. Data are plotted in 1 h bins (Time x Lighting, F23 509 = 17.83, p < 0.0001). B.
Light-, dim-, and dark-phase activity, as a percentage of total activity per day (Time x Lighting,
Fp 44 = 3895, p <0.0001). C. Total activity per day. D. Inter-daily stability. E. Intra-daily
variability. F. Distribution of the number and duration of activity bouts (Bout length x Lighting,
F7159=2.257, p=0.0325). G. Relative amplitude (Mann-Whitney, U =23, p =0.0036). Mean
+/- SEM. Statistically significant post-hoc tests are indicated by an asterisk.

PIR-Defined Sleep. To examine changes in sleep patterns, PIR-defined sleep was computed
based on periods of > 40 s of immobility (Brown et al., 2016). Averaged daily sleep profiles
revealed a main effect Time (Time, Fy.444, 97.76) = 66.13, p < 0.0001; Fig. 2.4A), as expected for
mouse sleep patterns across 24 h. A Time x Lighting interaction was also found (Time x
Lighting, F23 505 = 13.12, p < 0.0001; Fig. 2.4A), indicating that the timing of sleep differed

between DLE animals and controls. DLE animals delayed their activity onset from ZT12 to
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ZT16, sleeping more than control animals during the ZT12-16 period. Yet, total sleep
proportion per day did not differ between groups (Mann-Whitney, U = 60, p = 0.5137; Fig.
2.4B). There was a main effect of Sex (Sex, F;, 29 = 25.70, p < 0.0001), with males sleeping

almost 20% more than females, regardless of the lighting condition.
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Figure 2.4. PIR-defined sleep following 12 weeks of DLE (N = 12 per group). A. Sleep
proportion was computed as the number of bins of scored immobility divided by the total
number of bins in the time window. Data are plotted in 1 h bins (Time x Lighting, F23 s05) =
13.12, p < 0.0001). B. Average sleep proportion per day. Mean +/- SEM. Statistically
significant post-hoc tests are indicated by an asterisk.
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Figure 2.5. Change in body weight following 12 weeks of DLE exposure (N = 6 per group)
(Sex, F1,200=28.47, p <0.0001). Mean +/- SEM.
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Body Mass. Following the 12-week DLE period, all animals exhibited weight gain. Statistical
analysis revealed a significant main effect of Sex (Sex, Fys, 29 = 28.47, p < 0.0001; Fig. 2.5),
with females demonstrating greater overall weight gain compared to males, regardless of the
lighting condition. Indeed, females gained over 50% more weight than males over 12 weeks.
However, Lighting condition did not significantly affect weight gain (Lighting, F;, s) = 0.1359,
p = 0.7163; Fig. 2.5), indicating no differences in weight gain between DLE-exposed animals
and controls. No interaction effect was found (Sex x Lighting, F; 29 = 0.2353, p = 0.6329; Fig.
2.5). There were also no differences in growth rates between DLE animals and controls,
regardless of sex (Time x Lighting, Males Fi3 39 =0.9622, p =0.4233; Females, F 3, 39 = 0.4315,

p =0.7319; Supplemental Figure 2.8).

Max Skin
Temperature (°C)

Figure 2.6. Body temperature rhythms following 12 weeks of DLE exposure (N = 11 for LD,
N =12 for DLE; one LD male excluded). To provide an estimate of core body temperature, we
computed maximum skin temperature measures over 60 s intervals, and averaged them in 30
min bins. Data are plotted in 30 min windows (Time x Lighting, F47, 9s7) = 2.838, p <0.0001).
Mean +/- SEM.

Body Temperature. Analysis of skin temperature rhythms revealed a significant main effect
of Time (Time, F11.13 2337 = 13.22, p < 0.0001; Fig. 2.6). While there was no simple effect of
Lighting condition (Lighting, Fy;, 21y = 0.03399, p = 0.8555; Fig. 2.6), we found a significant
interaction between Time and Lighting condition (Time x Lighting, F 47, 937 =2.838, p <0.0001;

Fig. 2.6). Animals exposed to chronic DLE showed a delay in the peak timing of temperature
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rhythms. Male and female animals both exhibited this delay, with subtle differences in their
overall temperature profiles (Supp. Fig. 2.9, Supp. Table 2.5). Overall, females had a slightly
higher, but not statistically significant mean temperature (Sex, F;, 19=1.767, p =0.1995; Supp.
Table 2.6), and a significantly higher range of temperatures compared to males (Sex, Fyi, 19 =

7.889, p = 0.0112; Supp. Table 2.6), regardless of lighting condition.

Elevated-Plus Maze. Animals exposed to long-term DLE did not demonstrate signs of
increased anxiety in the EPM relative to controls (Fig. 2.7A). There were no differences in the
total distance travelled (Mann-Whitney, U = 51, p = 0.2415; Fig. 2.7B), the number of entries
in each zone (Lighting x Zone, F(2,s6) = 2.044, p = 0.1376; Fig. 2.7C), as well as the time spent
in each zone of the EPM (Lighting x Zone, F(2, ¢s) = 0.1764, p = 0.8387; Fig. 2.7D). Similar

results were found for both male and female animals (Supp. Table 2.7).

Light-Dark Box. Mice did not exhibit significant anxiety behavior in the LD box following
exposure to extended DLE (Fig. 2.7E). There were no differences in the total distance travelled
(Mann-Whitney, U =71, p = 0.9774; Fig. 2.7F), number of LD transitions (Mann-Whitney, U
=51.5, p=0.2458; Fig. 2.7G), or time spent in each box (Mann-Whitney, U = 65, p = 0.7125;

Fig. 2.7H), regardless of sex (Supp. Table 2.8).

Open Field. DLE animals displayed some signs of heightened anxiety in the OF (Fig. 2.71).
There was a significant difference in overall locomotor activity, with a 22.6% increase in the
total distance travelled (Mann-Whitney, U = 34, p = 0.0284; Fig. 2.7J), and a 22.2% increase
in average speed (Mann-Whitney, U = 36.5, p = 0.0391; Fig. 2.7K) under DLE conditions.
Results were consistent across sex (Supp. Table 2.9). While there was a significant main effect
of Zone, suggesting discrimination between the different areas of the apparatus, DLE animals
did not exhibit overall differences in the time spent in each zone of the OF (Lighting x Zone,
Fp 66)=2.186, p = 0.1204; Fig. 2.7L). However, when disaggregating results by sex, we found
a statistically significant interaction for the time spent in each zone of the OF for females only

(Lighting x Zone, F, 300 = 5.761, p = 0.0076; Supp. Table 2.9). Control females spent 30% of
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the test in the center and 70% in the periphery of the OF, compared to 45% in the center and

55% at the periphery for DLE females.

Elevated-plus Maze Il LD
M DLE
A B C D
B —_
E 25- X 60 =80
° < 2
g 20+ 8 ; 60
$ 45l S 40 o
© N o
=+ =1 & ] < g 40
8 » 20 £
€ 5l o © 20
8 = E
g 0- &b o F oo
LD DLE Closed Center Open Closed Center Open
Light-Dark Box
E F G H
—_ (72}
c
~Er 154 O 404 = 40+
o = s
3 e £ 301
> £ K=
= . = 20
o c
8 5 P
< 3 g 107
: £ =
0 =] = 0-
o 4
LD DLE LD DLE LD DLE
Open Field
| J K L
— - * —_— 80_
3 S = 2
- 7] .
Center g § 24 8 60
/l £ a R 40
8 Q 1 E
Outer c g @ 204
8 s E
2 > - = .
a z°? 0
LD DLE LD DLE Center Outer Corner

Figure 2.7. Anxiety behavior following 12 weeks of DLE (N = 12 per group). A. Schematic of
the elevated-plus maze (EPM) apparatus. Mice were tested for 10 min at ZT4. B. Total distance
travelled (m). C. Number of entries in the “closed”, “center”, and “open” zones of the EPM, as
a percentage of the number of entries. D. Time spent in each zone of the EPM, as a percentage
of the total time spent in the apparatus. E. Schematic of the light-dark box (LD box). Mice were
tested for 10 min at ZT5. F. Total distance travelled (m). G. Number of transitions between the
light and the dark box. H. Time spent in the light box, as a percentage of the total time spent in
the apparatus. I. Schematic of the open field (OF) apparatus. Mice were tested for 10 min at
ZT6. J. Total distance travelled (m) (Mann-Whitney, U = 34, p = 0.0284). K. Average speed
(cm.s™) (Mann-Whitney, U = 36.5, p = 0.0391). L. Time spent in the “center”, “outer”, and
“corner” zones of the OF, as a percentage of the total time spent in the apparatus. The “corner”
zone is a sub-section of the “outer” zone. Mean +/- SEM. Statistically significant Mann-
Whitney tests are indicated by an asterisk.
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Novel Object Recognition. Animals did not show differences in overall locomotor activity
during the novel object recognition task. Indeed, analysis of the total distance traveled by
animals during the 3-minute testing phase revealed no significant main effects of Time (Time,
Fu 2 =0.2052, p = 0.6550; Fig. 2.8B) or Lighting condition (Lighting, F; -2 = 0.2019, p =
0.6576; Fig. 2.8B). However, significant Time x Lighting interactions were observed for both
the number of investigations (Time x Lighting, F;, 22 = 4.928, p = 0.0370; Fig. 2.8C), and the
time spent investigating the novel object (Time x Lighting, F; 22 = 5.415, p = 0.0296; Fig.
2.8D). Notably, DLE animals exhibited an increase in novelty preference from ZT2 to ZT14,
whereas control animals showed a decrease over the same period. Data disaggregation by sex
(Supp. Table 2.10), or by minute of the testing phase (Supp. Table 2.11), did not provide more

insights into the dynamics at play.

Novel Odor Recognition. The odor recognition test yielded no significant main effects of Time
or Lighting condition across all measured parameters (Fig. 2.8F, Fig. 2.8G, Fig. 2.8H). It is
worth noting that in several instances, the recognition index did not differ from 0, suggesting
no discrimination between the odors, and thus potential limitations in the efficacy of this

particular test. Moreover, results did not differ between sexes (Supp. Table 2.12).
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Figure 2.8. Recognition memory performance following 12 weeks of DLE exposure (N = 12
per group). A. Schematic of the novel object recognition apparatus. B. Total distance travelled
(m) during the object testing phase. C. Object recognition index based on the number of
investigations of the novel and familiar objects (Time x Lighting, F; 25 = 4.928, p = 0.0370).
D. Object recognition index based on the time spent investigating the novel and familiar objects
(Time x Lighting, Fs, 22 = 5.415, p = 0.0296). E. Schematic of the novel odor recognition
apparatus. F. Total distance travelled (m) during the odor testing phase. G. Odor recognition
index based on the number of investigations of the novel and familiar odors. H. Odor
recognition index based on the time spent investigating the novel and familiar odors. A
recognition index of 1 indicates novelty preference, while a recognition index of -1 suggests
familiar preference. Mean +/- SEM. Statistically significant post-hoc comparisons are indicated
by an asterisk.

Blood Corticosterone Concentration. A main effect of Time was found for both males and
females (Time, Fy;, 5 = 11.98, p = 0.0085; Fig. 2.9A; F1 5 = 5911, p = 0.0411; Fig. 2.9B;
respectively), with higher levels of plasma corticosterone at ZT14, as compared to ZT2.
Additionally, a main effect of Lighting condition was found for females (Lighting, F(; s =
8.010; p=0.0221; Fig. 2.9B), with 41.4% higher corticosterone levels at ZT14 for DLE animals

relative to controls. No interaction effects were found for either males (Lighting x Time, Fy;,
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=0.7429, p = 0.4138; Fig. 2.9A), nor females (Lighting x Time, F;, sy=2.371, p=0.1621; Fig.

2.9B, Supp. Table 2.13).
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Figure 2.9. Blood corticosterone concentration (ng/mL) following chronic DLE exposure in A.
males (N = 12 per group), and B. females (N = 12) as a measure of stress (Females, Lighting,
Fu 8 =28.010; p =0.0221). Mean +/- SEM. Statistically significant post-hoc comparisons are
indicated by an asterisk.

Clinical Blood Chemistry. Preliminary analysis of clinical blood chemistry measures revealed
sex-specific effects. In males, no significant main effects of Time or Lighting condition were
observed for any of the measured parameters (Supp. Table 2.14). In contrast, females exhibited
several time-dependent and lighting condition effects. A significant main effect of Time was
found for HDL cholesterol (Time, F(;, 5 = 7.502, p = 0.0290; Fig. 2.10E), and lactate (Time,
Fq 8 =10.67, p=0.0137; Fig. 2.10F). We also observed a significant main effect of Lighting
condition for total cholesterol (Lighting, F(;, sy = 9.331, p = 0.0185; Fig. 2.10C), glycerol
(Lighting, F(1, 5 = 6.856, p=0.0345; Fig. 2.10D), and TAG (Lighting, F7,5 =9.136, p=0.0193;
Fig. 2.10G). Post-hoc analysis revealed that females exposed to chronic DLE exhibited

significantly higher levels of total cholesterol and glycerol at ZT14 compared to controls.
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Figure 2.10. Clinical blood chemistry panel following 12 weeks of DLE exposure for males
and females (N = 6 per group, exclusions apply, see Methods section). A. Glucose. B. OBB-
Glucose. C. Total cholesterol (Females, Lighting, F(; sy = 9.331, p = 0.0185). D. Glycerol
(Females, Lighting, F(;, sy = 6.856, p=0.0345). E. HDL cholesterol. F. Lactate. G. Triglycerides
(Females, Lighting, F(; s)=9.136, p = 0.0193). H. NEFA. I. ALT. J. Urea. K. 3-OHB. L. CRP.
Mean +/- SEM. Statistically significant post-hoc comparisons are indicated by an asterisk.
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2.4. Discussion

This study investigated the effects of a 12-week exposure to DLE on circadian thythms and
associated physiological and behavioral parameters in mice. Using a comprehensive series of
phenotyping measures, including locomotor activity, sleep, body temperature, metabolic
parameters, stress hormones, anxiety tests, and recognition memory tasks, we assessed how this
environmental perturbation affects temporal biology and downstream physiological processes.
Our findings reveal that mice exhibit remarkable adaptability to altered lighting conditions,
with coordinated systemic realignment rather than severe circadian disruption, with notable

sex-specific consequences (Table 2.1).

Chronic DLE exposure led to a temporal compression of activity, expansion of sleep

architecture, and reorganization of body temperature rhythms.

We quantified the structure and regularity of locomotor activity rthythms using several metrics.
Circadian period did not differ under DLE exposure, maintaining a rhythm close to 24 hours.
Similarly, there were no alterations in total daily activity, with females being more active than
males in both groups. However, averaged daily activity profiles revealed a significant shift in
the timing of activity onsets under DLE conditions, with peak activity delayed from ZT12 to
ZT16 (dark onset). This was further accompanied by an increase in daytime activity. This
temporal shift is consistent with previous studies showing that two weeks of DLE leads to a
realignment between the internal clock and external light cues (Tam et al., 2021). While the
total quantity of sleep remained unchanged, the proportion of PIR-defined sleep between ZT12
and ZT16 was higher for DLE animals. This suggests that chronic DLE exposure led to a
temporal reorganization, with animals concentrating their activity within the eight hours of
darkness, and distributing sleep more extensively throughout the combined 16 hours of bright

and dim light. Changes in sleep quality should be further examined using EEG/EMG.
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Periodogram power and relative amplitude were used to assess the strength and robustness of
the rhythms. The Chi-square periodogram is a statistical method used to analyze the rhythmic
patterns of time-series data, determining the distribution of variance at different frequencies
(Sokolove & Bushell, 1978). Relative amplitude quantifies the contrast between peak and
trough activity levels over a 24-hour period, providing an additional index of the rhythm's
strength (Brown et al., 2019). We found high values of periodogram power and relative
amplitude for both groups, highlighting the strength and robustness of the activity rhythms.
While DLE exposure resulted in a modest but significant 4% decrease in relative amplitude
compared to controls, mean amplitude levels remained above 0.9 for both groups. This suggests
that, although there were alterations in the amplitude, the robustness of activity remained high,

even under DLE conditions.

Inter-daily stability, intra-daily variability and bout length were used to measure the
reproducibility and fragmentation of the rhythms. Inter-daily stability assesses the
reproducibility of the 24-hour activity pattern across days, indicating the degree to which
activity-rest cycles are maintained over time. Intra-daily variability measures the fragmentation
of activity rthythms by capturing the frequency and abruptness of transitions between active and
rest states within a single day. Activity bouts compute the duration of uninterrupted activity
periods. The length and number of activity bouts are further used as a measure of fragmentation
(Brown et al., 2019). Here, both groups showed a high level of reproducibility and consolidation
based on inter-daily stability and intra-daily variability measures. The statistically significant
interaction between time of day and lighting condition for bout length distribution suggests
subtle reorganization of activity patterns under DLE conditions. Though post-hoc comparisons
did not reveal significant differences at specific bout durations, the overall pattern indicates a
tendency toward reduced frequency of short bouts (< 1 min) and increased medium to long
bouts (> 5 min) in DLE animals. This redistribution may reflect an adaptation strategy that

preserves total activity while accommodating the phase-delayed rhythm.
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We examined if there were any changes in skin body temperature using infrared thermography,
and used it as an indirect estimate of core body temperature as described in van der Vinne et al.
(2020). All animals exhibited clear circadian temperature fluctuations across the 24-hour cycle.
DLE-exposed animals showed a delay in the peak timing of temperature rhythms, consistent
with the delay in activity rhythms reported above. Previous findings on the effects of two weeks
of DLE exposure only found significant effects on the offset of temperature rhythms (Tam et
al., 2021). However, it seems to be due to inconclusive analysis rather than a lack of biological
effect. We also found that the average and range of body temperatures were consistent between

groups.

Together, these findings suggest a coordinated realignment of the circadian system to the new
dark onset under DLE conditions. The shift in activity and temperature onsets from ZT12 to
ZT16 demonstrates the animals' adaptive response to changing light conditions, and the
preservation of the temporal relationship between environmental darkness and activity
initiation. This interpretation is supported by the maintenance of the activity rhythms’
robustness despite the phase shift. The conservation of total activity and sleep levels, as well as
temperature profile, further indicates that animals maintained their overall behavior, while
reorganizing its temporal distribution to match the new LD cycle. These results are also
comparable to the majority of studies on DLAN exposure in rodents, which reported changes

in the temporal organization of activity and sleep patterns.

Sex-specific differences in the stability of activity rhythms were found, regardless of the
lighting condition. Indeed, female mice displayed stronger, more robust, reproducible, and
consolidated rhythms based on the circadian disruption measures used in this study. Females
were also more active, and slept less than males. These findings are consistent with existing
literature showing that females are often more active, and exhibit more robust circadian rhythms
than males (Bartling et al., 2017; Blattner & Mahoney, 2012; Rosenfeld, 2017). We also

attempted to investigate potential estrous cycle influences on female locomotor activity
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patterns. While previous studies using running wheels have demonstrated clear 4-5 day
modulation of activity (Ogawa et al., 2003), analysis of three consecutive weeks of PIR
recordings in our study did not reveal such rhythms. This finding aligns with previous PIR
studies, where estrogenic regulation of activity has never been reported. The periodic changes
in activity observed with running wheels may thus reflect motivated behavior rather than

general home cage locomotion.

Data disaggregation by sex revealed that females had a broader range of skin temperatures
compared to males, regardless of the lighting condition. Our results align with previous findings
on the sex differences in core body temperature of C57Bl/6J mice (Yang et al., 2007). Elevated
core body temperature in females could reflect sex differences in basal metabolic rate, or the
influence of sex hormones, which are known to affect thermoregulation (Sanchez-Alavez et al.,

2011).

Chronic DLE exposure preserved body weight regulation while inducing sex-specific

metabolic changes.

Baseline body mass did not differ between the animals assigned to the control and experimental
groups. All animals exhibited weight gain over the 12-week experimental period, which is
consistent with normal growth patterns in mice (Gall & Kyle, 1968; Gargiulo et al., 2014).
However, a significant sex difference in weight gain was observed, with females showing a
50% greater increase in body weight compared to males, regardless of the lighting condition.
This finding is not consistent with previous studies that found that C57B1/6J males gain more
weight, and at a higher rate than females under standard conditions (Medrikova et al., 2012;
Stapleton et al., 2024). Sexual dimorphism in body weight gain have been attributed to various
factors, including hormones, leptin regulation, and differences in energy metabolism and fat
storage (Clegg et al., 2006; Lovejoy & Sainsbury, 2009; Shi et al., 2009). An alternative

interpretation is that the greater weight gain observed in females reflects sex differences in
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developmental timing. C57BL/6J mice might not reach sexual maturity at the same age. Given
that our females began the experiment at 8 weeks of age with relatively low starting weights
(approximately 16 g), they may have been at an earlier developmental stage than males, and
thus exhibited more pronounced growth during the first weeks of the experiment. This
interpretation is supported by the substantial weight gain occurring primarily during the first 5
weeks of the experiment. Future studies might thus consider using older mice (10-16 weeks at
the beginning of experiments) to minimize potential confounding effects of developmental

differences between sexes.

Chronic DLE exposure did not significantly affect weight gain in either sex. This finding aligns
with studies showing that circadian disruptions may not always have a direct impact on overall
weight gain, even if other metabolic parameters are significantly altered. This was reported in
multiple DLAN studies where body mass was unaffected. Notably, in our study, mice gained
the most weight during the first five weeks of the experiment. Investigating growth curves with
a higher sampling resolution during this period might shed light on the dynamics at play, and

reveal whether more subtle differences emerge from DLE exposure.

The clinical blood chemistry panel revealed sex-specific effects of chronic DLE. While male
mice showed no significant changes in response to DLE, females exhibited alterations in several
metabolites. However, it is crucial to preface this discussion by acknowledging the significant
limitation in our sample size. With some groups having only two samples because of equipment

malfunction, our statistical power is limited.

In males, we observed no significant effects of DLE on any of the measured metabolites. We
also did not find significant circadian fluctuations between ZT2 and ZT14. However, the
absence of detectable effects could be due to insufficient statistical power, rather than a true
lack of biological effect, and to the timings of blood collection not capturing the peak and trough
metabolite levels. It is also possible that males would show changes in metabolites not

measured in this study.
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In females, we observed several significant alterations. The main effects of time on HDL
cholesterol and lactate levels suggest that these parameters are subject to circadian regulation.
The increase in HDL cholesterol at ZT14 (early night) compared to ZT2 (early day) aligns with
known circadian rhythms in lipid metabolism (Gooley & Chua, 2014). The parallel increase in
lactate levels could reflect circadian variations in glucose metabolism or physical activity
patterns. The effects of DLE on total cholesterol, glycerol, and TAG levels in females are
particularly notable. The elevated levels of these lipid-related parameters in DLE-exposed
females, especially at ZT14, suggest that DLE exposure may disrupt lipid metabolism in a sex-
specific manner. This finding is consistent with growing evidence linking circadian disruption
to alterations in lipid homeostasis (Bass & Takahashi, 2010). However, we must emphasize
that these results, while interesting, are preliminary. The low sample size means that individual
variability could have a disproportionate impact on our findings. It warrants further

investigation with a larger sample size to reliably confirm these effects.

Together, the sex-specific nature of these effects suggests that females may be more susceptible
to metabolic perturbations induced by mild circadian disruptions. This could be due to
interactions between the circadian system and sex hormones, differences in the robustness of
circadian rhythms between sexes, or sex-specific responses to stress induced by altered light

exposure (Bailey & Silver, 2014).

Chronic DLE exposure induced subtle, sex-specific adaptations in stress and anxiety

responses, without generalized effects.

We investigated the effects of long-term DLE exposure on anxiety and stress responses in mice.
Anxiety behavior was assessed using the EPM, LD box, and OF. These tests exploit the natural
tendencies of rodents to avoid open, brightly lit, or elevated spaces, balancing their innate
curiosity to explore novel environments against their fear of potential threats. This multi-test

approach was employed to obtain a complementary assessment of distinct anxiety responses,
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while each test was selected based on its established pharmacological validation and
widespread use in circadian research. While variations of the tests we employed exist (e.g., zero
maze vs EPM, gradient vs binary LD tests), we employed the standard validated versions that
allow for direct comparison with the established literature on circadian disruption and anxiety-
like behavior. DLE animals did not show signs of increased anxiety in the EPM. Similarly, the
LD box test did not reveal any significant behavioral differences between DLE and control
animals. These findings suggest that DLE may not have an impact on risk and light aversion
behaviors. However, DLE animals displayed behavioral changes in the OF. They displayed a
20% increase in locomotor activity, as evidenced by greater total distance travelled and higher
average speed. This heightened activity could be interpreted as an anxiety response, potentially
reflecting increased restlessness or agitation in a novel environment. We note that animals from
both groups were sleeping for more than 80% of the 2 hours before the test. As such, differences
in activity do not appear to be linked to differences in behavior prior to testing. The lack of
overall difference in the time spent in the different zones of the OF between lighting conditions
suggests that, while overall activity was increased, spatial preferences typically associated with
anxiety were not significantly altered. However, sex-specific analysis revealed an interaction
between lighting condition and spatial exploration for females. We found that while control
females spent 70% of the test at the periphery of the OF, DLE females showed a lack of spatial
preference, spending only 55% of the test time in the periphery. While these specific differences
did not reach significance in post-hoc testing, this unexpected reduction in thigmotaxis in DLE
females presents an intriguing paradox. Rather than indicating reduced anxiety, the
combination of increased locomotion and reduced wall-hugging behavior might indicate an
altered risk assessment strategy. This highlights the complexity of interpreting rodent anxiety

behaviors and the importance of using multiple behavioral assays (Ramos, 2008).

To complement these results, the presence of DLE-induced stress responses was investigated
using blood corticosterone concentration. The assay revealed the expected circadian pattern of

blood corticosterone, with higher concentrations at ZT 14 compared to ZT2 for both sexes. This
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aligns with the well-established circadian rhythm of glucocorticoid secretion in rodents, with a
peak at the start of the active phase (Chung et al., 2011; Dickmeis, 2009). This finding suggests
that the core circadian regulation of the hypothalamic-pituitary-adrenal (HPA) axis remains
intact under chronic DLE. We also found a main effect of lighting condition in females, with
DLE animals showing higher corticosterone levels relative to controls. This could indicate that
DLE can modulate the stress response system in a sex-specific manner. This finding is
particularly noteworthy given the known interactions between the circadian system, stress
responses, and sex hormones (Bailey & Silver, 2014). The absence of this effect in males
underscores the importance of considering sex as a biological variable in circadian and stress-

related research (Krizo & Mintz, 2014).

However, we note that the elevated corticosterone concentration of DLE females at ZT14 may
rise from the lack of differences between groups under LD. Indeed, female control animals do
not show the clear circadian pattern of corticosterone levels, with similar concentrations at both
ZT2 and ZT14. Because corticosterone concentrations peak around dark onset, we expect
corticosterone levels to be high at ZT14 for both lighting conditions. Studies have shown that
the estrous cycle significantly affects plasma corticosterone levels in female rats, with a
maximum concentration at proestrus (Carey et al., 1995). No changes in the acrophase of
corticosterone rhythms were reported between males and females, but differences in
concentration depending on the stage of the females’ cycle were found (Atkinson & Waddell,
1997). This cycle-dependent variation introduces complexity when interpreting female
corticosterone data. An important methodological consideration is that our LD and DLE female
groups were housed in separate light-tight chambers, which could have resulted in group-
specific estrous cycle synchronization. Though the evidence is limited, it has been shown that
female rodents housed together often synchronize their estrous cycles through pheromonal
communication (McClintock, 1983). While our animals were singly housed, pheromonal
communication persists within an LTC. The lack of rhythmicity in our control females may

thus reflect natural estrus variability between groups. As such, it is difficult to conclude whether
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our results show an impact of DLE exposure on corticosterone concentration in females, or a

deviation from baseline from controls.

Follow-up studies would benefit from more frequent sampling of corticosterone across the full
24 hour cycle to better characterize the potential alterations under DLE. Non-terminal blood
collection methods, such as ventral tail vein blood collection, would provide greater temporal
resolution without requiring additional terminal procedures. Unfortunately, such methods were
not possible in this study due to licensing restrictions as well as the sample volume required.
An alternative approach would be to monitor estrous cycles through vaginal cytology prior to
corticosterone sampling, allowing for stage-matched comparisons between LD and DLE
females (Byers et al., 2012). This would minimize confounding effects of hormonal
fluctuations. However, the handling and sampling required for estrus determination could itself
act as a stressor, potentially confounding the assessment of DLE effects on stress responses
(Morgan & Tromborg, 2007). This methodological trade-off highlights the challenge of

isolating lighting effects from procedural influences in neuroendocrine studies.

The observed changes in anxiety-like behaviors and stress responses were subtle, exhibiting
both context-dependency, with different behavioral tests revealing distinct aspects of anxiety,
and sex-specificity, with females showing more pronounced behavioral and hormonal
responses to extended DLE exposure. This pattern suggests a nuanced rather than generalized

effect of DLE on stress and anxiety.

Chronic DLE exposure shifted the circadian profile of object recognition memory.

This study investigated the effects of long-term DLE exposure on recognition memory in mice,
using both novel object and novel odor recognition tasks. In the novel object recognition task,
while we observed no significant differences in overall exploratory activity, as measured by

total distance traveled, we found a notable interaction between time of day and lighting
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condition for both the number of investigations and time spent investigating the novel object.
Intriguingly, DLE animals showed an increase in novelty preference from ZT2 to ZT14,
whereas control animals exhibited a decrease over the same period. This pattern suggests that
chronic DLE exposure may alter the circadian regulation of recognition memory processes.
These results are consistent with the reversal of short-term memory performance, as assessed

by a spontaneous recognition memory task, following two weeks of DLE (Tam et al., 2021).

The enhanced performance of DLE animals during the evening (ZT14) could be interpreted in
several ways. One possibility is that DLE leads to a phase shift in cognitive performance
rhythms, resulting in improved recognition memory during the early night. This interpretation
aligns with previous studies showing that circadian disruption can affect the timing of peak
cognitive performance (Gerstner & Yin, 2010). This is also supported by previous short-term
DLE findings, showing that performance is affected by prior sleep (Tam et al., 2021). We have
shown that DLE animals sleep more than controls between ZT12 and ZT14. This increase in
sleep proportion during the two hours before the evening recognition memory task may thus
lead to a better performance. Alternatively, DLE exposure could be associated with chronic
stress and might enhance certain aspects of cognitive function, particularly during the animals’
active phase. This idea is consistent with research demonstrating that predictable chronic mild
stress can sometimes improve cognitive performance (Parihar et al., 2011). However, we have
previously shown that DLE animals only exhibited limited signs of stress and anxiety in the
various assays used in this study. It thus seems like the increased evening performance
displayed by DLE animals is most probably a result of increased sleep prior to the recognition

memory task.

In comparison, the novel odor recognition test did not yield significant effects of time or
lighting condition. The fact that novelty preference often did not differ from chance suggests

that this test may not have been sufficiently sensitive to detect potential differences. This could
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be due to various factors, including the choice of odors, their concentration, or the specific

timing of the test. Future studies might benefit from optimizing the odor recognition protocol.

Table 2.1. Summary of the observed consequences of extended DLE exposure in mice. Effects
are expressed as a reduction (), an alteration (A), or no change (9).

Measure Significant effects of chronic DLE

Locomotor activity A onset and distribution, | relative amplitude
PIR-defined sleep A onset and distribution

Body temperature A phase

Body mass )
Clinical blood chemistry A total cholesterol, glycerol and TAG levels in females

Stress responses A nighttime corticosterone levels in females

Anxiety behavior 1 distance travelled and speed in the OF
Recognition memory A timing of performance (object)

2.5. Conclusion

Our results demonstrate that chronic DLE exposure induces a coordinated realignment of
circadian rhythms rather than causing fragmentation or disruption. This raises important
questions about how we define “circadian disruption” in experimental contexts. While abrupt
phase shifts, constant light, or jet lag models clearly disrupt circadian organization, our DLE
protocol reveals a more nuanced response where the circadian system adapts to recognize the
new effective dark onset at ZT16. The preservation of rhythm robustness, period, and internal
temporal relationships, despite the phase delay, suggests successful system-wide entrainment

to DLE conditions rather than disruption per se.

Nevertheless, this temporal reorganization was not without physiological consequences. The
sex-specific effects on metabolism and stress responses, with females showing greater

vulnerability to lipid disruptions and corticosterone alterations, indicates that adaptation to
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altered light environments may carry metabolic costs even when circadian timing mechanisms

remain intact.

Our findings have important implications for understanding human responses to modern light
environments, where evening light exposure has become increasingly common. The subtle but
meaningful physiological changes we observed, particularly in females, suggest that even when
circadian rhythms appear robust, altered lighting conditions may still impact downstream
metabolic and stress regulatory systems in a sex-dependent manner. These results underscore
the importance of considering sex as a biological variable in circadian studies (and in all
research), and suggest that even relatively mild alterations in evening light exposure can have

measurable physiological impacts.
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2.6. Supplemental Material
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Supplemental Figure 2.1. Spectral power distribution of the DLE lights.
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Supplemental Table 2.1. Spectral power distribution of the DLE lights.

nm pW.ecm2s! nm pW.cm2s!
300 0 545 0.164316618
305 0 550 0.167658232
310 0 555 0.168416402
315 0 560 0.166216938
320 0 565 0.16183962
325 0 570 0.156844078
330 0 575 0.152198671
335 0 580 0.145527025
340 0 585 0.137408206
345 0 590 0.132347966
350 0 595 0.129034248
355 0 600 0.126804138
360 0 605 0.126383689
365 0 610 0.125083679
370 0 615 0.120684475
375 0 620 0.11292367
380 0 625 0.102859281
385 0 630 0.09221481
390 0.017611299 635 0.081418228
395 0.01887492 640 0.072442635
400 0.022292794 645 0.064297172
405 0.030660634 650 0.05599426
410 0.047488229 655 0.050940238
415 0.073464049 660 0.047309051
420 0.108219057 665 0.043217326
425 0.150183652 670 0.038561346
430 0.20019029 675 0.034924975
435 0.240916939 680 0.031974054
440 0.2558743 685 0.029786514
445 0.240298235 690 0.026649843
450 0.203693402 695 0.02157545
455 0.157514252 700 0.015703372
460 0.111142137 705 0.010781252
465 0.072532035 710 0.007299052
470 0.044431723 715 0.007726199
475 0.028032026 720 0.008271367
480 0.017592049 725 0.008592281
485 0.01442389 730 0.006463777
490 0.020667521 735 0.006715113
495 0.039107497 740 0.00567436
500 0.059783884 745 0.006250914
505 0.090536232 750 0.006033707
510 0.109157816 755 0.008335726
515 0.11919911 760 0.00521248
520 0.125368111 765 0

525 0.133374633 770 0

530 0.143622208 775 0

535 0.152595807 780 0

540 0.159331365

93



_NIh_ (Xp-X)?

A. I5=3 N, (Ri- X)2
_ N 2:Iivzz (Xi— Xi—1)?
B. V= (N-1) N (X-x))?
C. RA — M10-L5
M10+L5
N .
D. TA = 2=k
D
E. LPA = — AL
TA; +TAq

Supplemental Figure 2.2. Calculation of circadian disruption measures. A. Inter-daily stability
(IS), where N is the number of data points, p is the number of data points per day, X is the mean
of all data, X}, are the hourly means, and X; are the individual data points. B. Intra-daily
variability (IV), where N is the total number of data points, X is the mean of all data, and X; are
the individual data points. C. Relative amplitude (RA), where M10 is the most active 10 h
period, and L5 is the least active 5 h period over the average 24 h. D. Total activity (TA) per
day, where N is the number of data points, X; are the individual data points, and D is the number
of days. E. Light-phase activity (van der Vinne et al.) as a percentage of total daily activity,
where T4, is the total activity per day in the light phase, and T A is the total activity per day in
the dark phase.
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Supplemental Figure 2.3. Objects and odors used for the recognition memory tasks. Objects
included A. stainless steel jigger (4.5 D x 8.5 H cm), B. D battery (3 D x 6 H cm, Duracell), C.
pink rubber eraser (3.5 L x 2.5 W x 6 H cm, Swordfish), and D. icing glycerin plastic bottle
(3.5 D x 9 H cm, Dr. Oetker). Odors included E. lemon, banana, pineapple, and vanilla
concentrated flavoring essences (Preema) in small brown glass vials (1.5 D x 2.2 H cm, with a
circular opening of 0.7 D cm).
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Supplemental Table 2.2. Experimental design for the novel object and odor recognition tests.
Animals went through two trials of novel object recognition tasks, followed by two trials of
novel odor recognition tasks. The order of trials was counter-balanced by the time of day and
objects/odors. Stimulus pairs of familiar/new objects were as follows: A. battery/jigger, B.
jigger/battery, C. bottle/eraser, D. eraser/bottle. Stimulus pairs of familiar/new odors were as
follows: E. banana/pineapple, F. pineapple/banana, G. lemon/vanilla, H. vanilla/lemon. CM =
control male, CF = control female, EM = experimental male, EF = experimental female.

Anllll)nal Condition Sex | ZT Stimulus | ZT Stimulus | ZT Stimulus | ZT  Stimulus
CM1 LD M 14 C 2 B 14 E 2 H
CM2 LD M 14 C 2 A 14 E 2 H
CM3 LD M 14 D 2 A 14 E 2 H
CM4 LD M 2 A 14 D 2 G 14 F
CM5 LD M 2 B 14 D 2 G 14 F
CM6 LD M 2 B 14 C 2 G 14 F
EM1 DLE M 14 D 2 A 14 F 2 G
EM2 DLE M 14 D 2 B 14 F 2 G
EM3 DLE M 14 C 2 B 14 F 2 G
EM4 DLE M 2 B 14 D 2 H 14 E
EM5 DLE M 2 A 14 D 2 H 14 E
EM6 DLE M 2 A 14 C 2 H 14 E
CF1 LD F 14 C 2 A 14 E 2 H
CF2 LD F 14 C 2 A 14 E 2 H
CF3 LD F 14 D 2 B 14 E 2 H
CF4 LD F 2 B 14 D 2 G 14 F
CF5 LD F 2 B 14 D 2 G 14 F
CF6 LD F 2 A 14 C 2 G 14 F
EF1 DLE F 14 D 2 B 14 F 2 G
EF2 DLE F 14 D 2 B 14 F 2 G
EF3 DLE F 14 C 2 A 14 F 2 G
EF4 DLE F 2 A 14 C 2 H 14 E
EF5 DLE F 2 A 14 C 2 H 14 E
EF6 DLE F 2 B 14 D 2 H 14 E
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# of new investigations—# of familiar investigations
total # of investigations

A. RI (# of investigations) =

time investigating new—time investigating familiar

B. RI (time investigating) =

total time investigating

Supplemental Figure 2.4. Calculation of the recognition index (RI). A. Recognition index for
the number (#) of investigations of the objects or odors. B. Recognition index for the time spent
investigating the objects or odors. A positive recognition index indicates a preference for the
novel object or odor, while a negative one shows a preference for the familiar object or odor.
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Supplemental Figure 2.5. Calculating corticosterone concentrations from the standard curve.
The standard curve was created by plotting the mean absorbance for each standard (except Bo)
on a linear y-axis against the concentration on a logarithmic x-axis. The best fit curve was
drawn through the points on the graph. As samples were diluted, the concentration read from
the standard curve was multiplied by the dilution factor.
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Supplemental Table 2.3. Statistical testing of PIR activity for 24 wildtype (WT) C57BL/6J
animals (1:1 male-female ratio) following 12 weeks of DLE exposure. Unpaired nonparametric
Mann-Whitney tests (LD vs DLE), and two-way repeated-measures ANOV As, with Time and
Lighting condition as variables. Statistical significant tests are highlighted.

Circadian period

Mann-Whitney

Periodogram power

U=68, p=0.8662

Time x Lighting Interaction
Main effect of Time
Main effect of Lighting

Max Qp

F959, 2109 = 0.8181, p > 0.9999
Fl1.097, 24120 =44.31, p < 0.0001
F1,22=0.9705, p=0.3353

Mann-Whitney

Normalized daily activity

U=52,p=0.2657

Time x Lighting Interaction
Main effect of Time
Main effect of Lighting

Light phase activity

F23, 500 = 17.83, p < 0.0001
F5.732,126.1) = 69.47, p < 0.0001
Fu,2=3.923, p=0.0603

Time x Lighting Interaction
Main effect of Time

Total activity

F 49 =38.95,p <0.0001
F.s01,39.62 = 614.5, p < 0.0001

Mann-Whitney

Inter-daily stability

U=61,p=0.5512

Mann-Whitney

Intra-daily variability

U=49,p=0.1978

Mann-Whitney

Activity bouts

U=66,p=0.7553

Bout x Lighting Interaction
Main effect of Bout length
Main effect of Lighting

Relative amplitude

F7,159=2.257, p=0.0325
Fl1.269, 27.91=153.2, p < 0.0001
Fu, 2)=1.492,p=0.2348

Mann-Whitney

U=23, p=0.0036
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Supplemental Figure 2.6. Analysis of locomotor activity thythms by sex following extended
DLE exposure (N = 6 per group). A. Circadian period of activity rthythms. B. Maximum Qp
values computed using the Chi-square periodogram (Sex, Fy;, 29 =21.84, p = 0.0001). C. Inter-
daily stability (Sex, F(s, 29 = 15.10, p = 0.0009). D. Intra-daily variability (Sex, Fyi, 29 = 43.17,
p <0.0001). E. Relative amplitude (Sex, Fy, 29 = 12.21, p = 0.0023). F. Total activity per day
(Sex, Fy, 20 = 26.42, p < 0.0001). Mean +/- SEM. Statistically significant post-hoc tests are
indicated by an asterisk.
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Supplemental Table 2.4. Statistical testing of PIR activity by sex for 24 WT C57BL/6J animals
(1:1 male-female ratio) following 12 weeks of DLE exposure. Two way repeated-measures
ANOVAs, with Sex and Lighting condition as variables. Statistical significant tests are

highlighted.

Circadian period

Sex x Lighting Interaction
Main effect of Sex
Main effect of Lighting

Max Qp

F1,20=0.1740, p = 0.6810
Fu, 20=1.762, p=0.1994
F1,20=0.1740, p = 0.6540

Sex x Lighting Interaction
Main effect of Sex
Main effect of Lighting

Inter-daily stability

F1,20=0.4309, p=0.5190
Fu,20=21.84, p=0.0001
Fu 20=2.216,p=0.1522

Sex x Lighting Interaction
Main effect of Sex
Main effect of Lighting

Intra-daily variability

Fu,20=0.01783, p = 0.8951
Fu, 200=15.10, p = 0.0009
F1, 20=2.870,p=0.1058

Sex x Lighting Interaction
Main effect of Sex
Main effect of Lighting

Relative amplitude

F,20=0.0003037, p =0.9863
F,20=43.17, p <0.0001
Fu1,20=0.5826, p = 0.4542

Sex x Lighting Interaction
Main effect of Sex
Main effect of Lighting

Total activity

Fu, 20=1.018, p=0.3250
Fu 20=12.21,p=0.0023
Fu, 20=15.38, p=0.0008

Sex x Lighting Interaction
Main effect of Sex
Main effect of Lighting

F,20=0.0001073, p =0.9752
F,20=26.42, p <0.0001
Fu,20=0.3029, p = 0.5882
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Supplemental Figure 2.7. Representative double-plotted actogram of locomotor activity
during the 12th week of the experiment for A. 6 males and B. 6 females under 12:12 LD; and
C. 6 males and D. 6 females under DLE. Yellow shading indicates light phases.
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Supplemental Figure 2.8. Body weight measurements at baseline, and after 5 weeks, 10
weeks, and 12 weeks of DLE exposure in males (N = 12) and females (N = 12). Mean +/- SEM.
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Supplemental Figure 2.9. Body temperature rhythms following 12 weeks of DLE exposure in
A. Males (N =11, one LD male excluded) (Time x Lighting, F47, 423 = 2.863, p <0.0001), and
B. Females (N = 12) (Time x Lighting, F 47, 479 = 1.665, p = 0.0049). To provide an estimate of
core body temperature, we computed maximum skin temperature measures over 60 s intervals,
and averaged them in 30 min bins. Mean +/- SEM.
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Supplemental Table 2.5. Statistical testing of maximum skin temperature rhythms for N = 11
male and N = 12 female WT C57BL/6J animals (one LD male excluded) following 12 weeks
of DLE exposure. Two-way repeated-measures ANOVA, with Time (ZT2 vs ZT14) and
Lighting condition (LD vs DLE) as variables with two levels. Statistical significant tests are
highlighted.

Sex Pooled
Body Temperature

Males Females Males & Females
Time x Lighting Interaction  F47,423 = 2.86, p < 0.0001 F7,470) = 1.67, p = 0.0049 Fa7,987y = 2.84, p < 0.001
Main effect of Time F6.662,50.95 = 7.65, p < 0.0001  Fl6.692,6692) = 7.52, p < 0.0001  F1.13,233.7 = 13.0, p < 0.0001
Main effect of Lighting F(l,()) = 0.015,p =0.9049 F(], 10) = 0.19,p =0.6727 F(l,Zl) = 0.03,p =0.8555
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Supplemental Table 2.6. Descriptive statistics of maximum skin temperature rhythms for N
=11 male and N = 12 female WT C57BL/6J animals (one LD male excluded) following 12

weeks of DLE exposure.

Body Temperature Males Females

LD DLE LD DLE
Minimum 29.35 29.28 29.57 29.86
Maximum 31.44 31.39 31.73 32.32
Range 2.089 2.110 2.155 2.464
Mean 30.29 30.23 30.64 30.86
Std. Error of Mean 0.076 0.068 0.087 0.084
Lower 95% CI of mean 30.14 30.10 30.46 30.70
Upper 95% CI of mean 30.45 30.37 30.81 31.03
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Supplemental Table 2.7. Statistical testing of anxiety behavior from the EPM for N =24 WT
C57BL/6J animals (1:1 male-female ratio) following 12 weeks of DLE exposure. Unpaired
nonparametric Mann-Whitney tests (LD vs DLE), and two-way ANOVAs, with Lighting
condition (LD vs DLE) and Zones (Closed vs Center vs Open) as variables. Statistical
significant tests are highlighted.

EPM

Sex
Males

Females

Pooled
Males & Females

Total distance

Mann-Whitney

Entries in zones

U=11, p=0.3095

U=16,p=0.8182

U=51,p=0.2415

Zone x Lighting Interaction
Main effect of Zone
Main effect of Lighting

Time spent in zones

F230=0.7312, p=0.4897
F2,30=156.74, p <0.0001
Fu, 30 =17.83¢7, p>0.9999

Fp30=1.616,p=02155
F 30 =66.57, p <0.0001
F1, 30 =0.000, p > 0.9999

Fp,60=2.044, p = 0.1376
F.66=108.0, p <0.0001
Fu, 66 =3.81e7, p>0.9999

Zone x Lighting Interaction
Main effect of Zone
Main effect of Lighting

Fp30=0.3161,p=0.7314
Fp,30=22.32,p<0.0001
Fu, 30 =1.92¢°° p>0.9999

F230=0.0779, p = 0.9253
Fp30=1.398, p=0.0024
Fu, 30 =1.57¢""® p>0.9999

Fp2.60=0.1764, p=0.8387
Fp66=21.17, p <0.0001
Fu, 69 =1.65¢""% p>0.9999
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Supplemental Table 2.8. Statistical testing of anxiety behavior from the LD box for N = 24
WT C57BL/6J animals (1:1 male-female ratio) following 12 weeks of DLE exposure. Unpaired
nonparametric Mann-Whitney tests (LD vs DLE). There were no statistically significant tests.

Sex Pooled
LD box

Males Females Males & Females
Total distance U=13,p=0.4848 U=13,p=0.4848 U=171,p=0.9774
# of transitions U=13, p=10.4860 U=15,p=0.6688 U=51.5,p=0.2458
% in Light U=10,p=0.2403 U=14,p=0.5887 U=65,p=0.7125
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Supplemental Table 2.9. Statistical testing of anxiety behavior from the Open Field for 24 WT
C57BL/6J animals (1:1 male-female ratio) following 12 weeks of DLE exposure. Unpaired
nonparametric Mann-Whitney tests (LD vs DLE), and two-way repeated-measures ANOVAs,
with Lighting condition (LD vs DLE) and Zones (Center vs Outer vs Corner) as variables.
Statistical significant tests are highlighted.

. Sex Pooled
Open Ficld Males Females Males & Females
Total distance
Mann-Whitney U=10, p=10.2403 U=17,p=0.0931 U=34,p=0.0284

Average speed

Mann-Whitney

Time spent in zones

U=10.5,p=0.2597

U=17.5,p=0.1039

U=136.5,p=0.0391

Zone x Lighting Interaction
Main effect of Zone
Main effect of Lighting

F2 30 =0.8668, p=0.4305
Fp 50=141.9, p <0.0001
Fu.30=0.5851, p=0.4503

Fp2,30=5.761, p=0.0076
F 50 =45.28, p <0.0001
Fu1.30=0.5089, p=0.4811

F66=2.186, p = 0.1204
F, 60 = 81.84, p <0.0001
F,66=0.05021, p = 0.8234
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Supplemental Table 2.10. Statistical testing of the Novel Object Recognition test for 24 WT
C57BL/6J animals (1:1 male-female ratio) following 12 weeks of DLE exposure. Two-way
repeated-measures ANOVAs, with Time (ZT2 vs ZT14) and Lighting condition (LD vs DLE)

as variables with two levels. Statistical significant tests are highlighted.

Novel Object Recognition

Sex
Males

Females

Pooled
Males & Females

Total distance

Time x Lighting Interaction
Main effect of Time
Main effect of Lighting

# of investigations

F1,100=0.0009, p =0.9759
Fu, 10=1.660, p=0.2266
Fui10=1481,p=0.2516

Fr,10=2.819, p=0.1241
Fu 190=2.337,p=0.1573
Fi,100=0.0239, p = 0.8801

Fu,m=1.541, p=0.2276
Fu,22 = 0.2052, p = 0.6550
Fu,22=0.2019, p = 0.6576

Time x Lighting Interaction
Main effect of Time
Main effect of Lighting

Time spent in zones

Fu10=11.09, p=0.0076
Fu, 19=3.105,p=0.1085
Fu10=1.616,p=0.2324

Fi.10=0.0471, p = 0.8326
Fu, 10=0.4309, p = 0.5264
F,100=0.0316, p = 0.8625

F,2)=4.928, p=0.0370
F,2)=0.4678, p=0.5011
F,22=1.085, p =0.3090

Time x Lighting Interaction
Main effect of Time
Main effect of Lighting

F,100=3.330, p = 0.0980
Fu 190=3.271,p=0.1006
Fu.10=06.041, p=0.0338

Fr,10=3.045,p=0.1116
Fu, 10=0.439, p=0.5224
Fu,10=0.531, p=0.4829

Fu2y=5.415,p =0.0296
Fu, 2)=1.452, p =0.2409
Fr2) =4.093, p=0.0554

110



Supplemental Table 2.11. Mean recognition index scores for the Novel Object Recognition

test, disaggregated by minute, and pooled across the 3 min testing phase, expressed as the

time spent investigating the objects. Two-way repeated-measures ANOV As, with Time (ZT2
vs ZT14) and Lighting condition (LD vs DLE) as variables with two levels. Statistical

significant tests are highlighted.

Time spent Lighting Minute of testing phase Pooled
investigating  Condition  (0-60 s 60-120 s 120-180 s 0-180 s
LD 0.251+0.098 0.482+0.139 0.497 £ 0.153 0.442 +0.085
n DLE 0.592 +0.098 0.287 +0.198 0.455 +0.130 0.490 + 0.146
LD 0.135+0.166 0.179 £0.181 0.160 £ 0.197 0.157 £0.146
ZTi4 DLE 0.637 +£0.105 0.584 +0.121 0.386+0.178 0.581 +0.054
Time x Lighting Interac. F1,22)=0.605, p = 0.445 Fi,2)=5.47, p=0.029 Fi,2)=1.65,p=0.213 Fi1,2)=5.42,p =0.029
Main effect of Time F1,22=0.120, p =0.732 F1,22=0.0007, p =0.98 Fi,2)=1.29,p =0.268 Fi,2)=145,p=0.241
Main effect of Lighting F1,22)=9.806, p = 0.005 F1,22=0.30, p =0.589 F1,2)=0.01,p =0.933 F1,22)=4.09, p =0.055
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Supplemental Table 2.12. Statistical testing of the Novel Odor Recognition test for 24 WT
C57BL/6J animals (1:1 male-female ratio) following 12 weeks of DLE exposure. Two-way
repeated-measures ANOVAs, with Time (ZT2 vs ZT14) and Lighting condition (LD vs DLE)
as variables with two levels. There were no statistically significant results.

Novel Object Recognition

Sex
Males

Females

Pooled
Males & Females

Total distance

Time x Lighting Interaction
Main effect of Time
Main effect of Lighting

# of investigations

Fi.109=0.074, p=0.7912
Fu, 19=3.395, p=0.0952
Fui9=1344,p=0.2733

F,10=0.5885, p = 0.4607
Fu 190=1.1095, p=0.7476
Fr10=0.1444,p=0.7119

Time x Lighting Interaction
Main effect of Time
Main effect of Lighting

Time spent in zones

F,100=0.1403, p = 0.7158
F, 19=0.3256, p = 0.5808
F1,10=0.4952, p =0.4977

F1,100=0.0049, p = 0.9457
Fi,10=0.0914, p = 0.7687
Fu,10=1.002, p=0.3404

Time x Lighting Interaction
Main effect of Time
Main effect of Lighting

F1,100=0.0166, p = 0.9001
F1, 10=0.4087, p=0.5370
Fr10=0.2171,p=0.6513

F.109=0.2720, p = 0.6133
F, 19=0.0279, p = 0.8705
Fi.10=0.4474, p=0.5187

F,2)=0.5380, p=0.4710
Fu,2)=2.543, p=0.1250
Fo.2 = 1.088, p = 0.3082
F,2)=0.09535, p = 0.7604
F,2)=0.02214, p = 0.8831
F,2)=1.490, p =0.2352
F,2)=0.2445, p = 0.6259
F,2)=10.09588, p = 0.7597
Fu,2=1.181e*, p = 0.9991
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Supplemental Table 2.13. Statistical testing of corticosterone concentration for 24 WT
C57BL/6J animals (1:1 male-female ratio) following 12 weeks of DLE exposure. Two-way
ANOVA, with Time (ZT2 vs ZT14) and Lighting condition (LD vs DLE) as variables with
two levels. Statistical significant tests are highlighted.

Sex Pooled

Corticosterone Concentration
Males Females Males & Females

Time x Lighting Interaction Fu,8=0.7429,p = 0.4138  F,8 =2.371,p=0.1621 F,200=1.636,p=0.2155
Main effect of Time Fu,8=11.98,p=0.0085 Fu,8=5911,p=0.0411 Fa,20 = 12.36, p = 0.0022
Main effect of Lighting F,8=0.4553,p=0.5189 Fq,8 =8.010, p=0.0221 F,200=2.901, p =0.1040
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Supplemental Table 2.14. Statistical testing of the clinical blood chemistry panel for 24 WT
C57BL/6J animals (1:1 male-female ratio) following 12 weeks of DLE exposure. Two-way
ANOVA and Holm-Siddk’s multiple comparisons, with Time (ZT2 vs ZT14) and Lighting
condition (LD vs DLE) as variables with two levels. One sample (female, ZT14, DLE) only
yielded results for glucose concentration. ALT concentrations were unavailable for four
samples (1 male, ZT2, LD; 1 male, ZT14, LD; 1 female, ZT14, LD; 1 female, ZT14, DLE).
Statistical significant tests are highlighted.

Clinical Blood Interaction Main effects
Chemistry Time x Lighting Time Lighting
Glucose 3 | Fus=2281,p=0.1694 Fu.s=0.6148, p = 0.4556 Fu.s=0.5161, p = 0.4930
Q| Fug=02145p=0.6556 Fa.s = 0.1500, p = 0.7086 Fu.s=2.738, p = 0.1366
39 | Fa.0=1.200,p= 02864 Fu.20 = 0.2439, p = 0.6268 Fa.20=2.179, p = 0.1555
OBB-Glucose IS Fa,8=2.314,p=0.1667 F,8=0.6549, p = 0.4418 Fa,8=0.4447, p = 0.5236
Q| Fu2=0.000492, p=0.9829  Fu.2=0.7161, p=0.4254 Fu.7=1295, p = 0.2029
39 | Faie=1.774, p=0.1986 Fai9=0.06630, p=0.7996  Fu.199= 1.313, p = 0.2660
Cholesterol 3 | Fus=04191, p=0.5355 Fu.s=0.003341, p= 09553  Fu.5=0.2032, p = 0.6641
Q| Fun=2312,p=0.1722 Fu.7=0.4505, p = 0.5236 Fa,7=9.331,p=0.0185
39 | Fu9=0.5707, p = 0.4593 Fa19=0.1236, p = 0.7291 Fa19=0.1814, p = 0.6750
Glycerol IS Fu,8=0.1062, p = 0.7529 F,8=0.0288, p = 0.8695 Fu,8=0.1246, p = 0.7332
Q| Fun=4.088, p=0.0829 Fu,7=0.7479, p = 0.4158 Fu,7 = 6.856, p = 0.0345
39 | Fai9=09751, p=03358 Fa9=0.1107, p = 0.7429 Fao= 1.644, p=0.2152
HDL 3 | Fus=0.8245, p = 0.3904 Fu.s=0.3277, p = 0.5828 Fu.s = 02244, p = 0.6483
Cholesterol Q | Fu.7=0.002516,p=09614  Fu.7=7.502, p=0.0290 Fa.1=4313,p=0.0764
39 F,199=0.3406, p = 0.5664 Fa,199=2.514, p=0.1293 F,199=0.1049, p = 0.7496
Lactate 3 Fu,8=1.959, p=0.1991 F,8=0.8640, p = 0.3798 Fu,8=0.9747,p=0.3524
Q Fa,7=2.807,p=0.1378 Fu,7=10.67,p=0.0137 Fa,7n=1.738, p=0.2289
39 | Fuie=0.2120, p=0.6505 Fu9=0.07702, p=0.7844  Fu.199=0.1641, p = 0.6899
Triglycerides 3 | Fas=0.7872, p = 0.4008 Fu.s=0.1597, p = 0.6999 Fa.s = 0.0089, p = 0.9272
Q| Fu7=009463,p=07673  Fa»=3317,p=0.1113 Fu,7=9.136, p = 0.0193
39 | Fui9=0.02340,p=0.8800  Fu,19= 1.647, p=0.2148 Fu.19= 1786, p = 0.1972
NEFA 3 | Fus=0.007351,p=09338  Fu.5=0.2585, p = 0.6249 Fu.s = 02925, p = 0.6033
Q Fa,n=4.171, p=0.0804 Fa,7=2.025,p=0.1977 Fa,7=4.556, p=0.0702
39 | Fai9=02712, p=0.6086 Fu 19 = 0.1966, p = 0.6625 Fu,19=0.7978, p = 0.3829
ALT 3 | Fue=0.001400,p= 09714  Fu.e=1.650, p = 0.2463 Fu.e = 0.0588, p = 0.8164
Q Fu,6=3.357,p=0.1166 Fu,6=1.864, p=0.2212 F,6=0.04917, p=0.8319
39 | Fuie=1.293,p=02722 Fa 1 =3.279, p = 0.0890 Fu.16) = 0.02730, p = 0.8708
Urea 3 | Fu.s=0.3400, p = 0.5759 Fu.s=004165,p=08434  Fu.s=09256, p = 0.3642
Q Fa,7=0.4691, p=0.5154 Fa,7=0.8842, p =0.3783 Fu,7=0.3786, p =0.5578
39 | Fui9=0.002716,p=0.9590  Fu.19=0.3577, p = 0.5568 Fu 9= 0.3230, p = 0.5765
3-OHB 3 | Fus=1.085p=03281 Fu.s = 1.655, p = 0.2342 Fa.s = 0.8634, p = 0.3800
Q Fa,7»=1.816,p=0.2197 Fa,7=0.2146, p = 0.6572 Fa,7=2.299,p=0.1733
39 | Faie=1232, p=0.2809 Fu. 9= 0.8929, p = 0.3565 Fa= 02811, p=0.6021
CRP 3 | Fag=02478, p = 0.6320 Fa.s = 0.1749, p = 0.6868 Fu.s = 0.5428, p = 0.4823
Q Fu,7=0.9123,p=0.3713 Fa,7=0.1174, p =0.7419 Fu,7=0.03875, p=0.8495
39 | Fu,19=0.1900, p = 0.6679 F,199=0.001396,p=0.9706  F,199=0.1304, p =0.7220
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Chapter 3. Circadian and Sleep Mechanisms Underlying the Effects of

Dim Light in the Evening

3.1. Introduction

In our previously published data and in Chapter 2, we established both short and long-term
consequences of DLE exposure in mice. We found that the acute effects of DLE persisted under
chronic exposure, and further characterized disruptions in various physiological and behavioral
parameters. Yet, the mechanisms underlying these disruptions remain somewhat unclear,
particularly regarding the relative contributions of sleep alterations versus circadian rhythm

disruption.

Based on activity patterns, the effects of DLE have been linked to disruptions of the circadian
clock. However, changes in activity patterns could also result from masking, a phenomenon
where light directly suppresses or enhances activity independent of the circadian clock
(Mrosovsky, 1999). This raises an important consideration regarding the mechanisms
underlying the observed activity delays under DLE conditions. The delay in activity onset could
represent either true circadian entrainment with a phase shift of the clock, or masking effects

where light suppresses activity during the dim phase without affecting the endogenous clock.

The regulation of sleep adds further complexity to this question. According to the two-process
model of sleep regulation, sleep timing and quality are governed by the interaction between
Process C (circadian) and Process S (homeostatic) (Fig. 3.1). Process C is controlled by the
circadian clock and determines the timing of sleep propensity across the 24-hour day, while
Process S represents homeostatic sleep pressure that builds during wakefulness and dissipates
during sleep (Borbély et al., 2016). Under DLE conditions, we observed increased sleep during
the dim phase, which could be due to either direct effects of light on Process C, or a masking

effect of light on behavior that subsequently affects Process S.
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(sleep drive)

Process C \

(wake drive)

wake wake

Figure 3.1. Schematic representation of the two-process model of sleep regulation. Sleep is
primarily regulated by two processes: the homeostatic sleep drive (Process S) and the circadian
wake drive (Process C). In this model, the greatest urge to sleep occurs when the distance
between the two processes is the greatest, as shown by the purple arrow.

The distinct neural pathways that mediate masking versus circadian entrainment provide
additional insight into the potential mechanisms underlying DLE effects. Masking is primarily
mediated through retinal pathways projecting to non-SCN retinorecipient areas, such as the
intergeniculate leaflet (IGL) and the olivary pretectal nucleus (OPN), which modulate behavior
independently of the SCN (Harrington, 1997; Mrosovsky, 1999; Redlin, 2001). In contrast, true
circadian entrainment occurs through the RHT, where intrinsic pRGCs transmit photic input
directly to the SCN (Hattar et al., 2002). If sleep regulation is playing a role, then other brain
regions involved in sleep/wake control, such as the ventrolateral preoptic area (VLPO), could
also mediate the DLE effects (Saper et al., 2005). Recent work has identified adenosine-based
regulatory mechanisms that allow sleep and circadian processes to interact, where adenosine

encodes sleep history and modulates circadian entrainment by light (Jagannath et al., 2021).

We determined that a one-week DLE exposure would be sufficient for this mechanistic
investigation, as our previous work demonstrated similar shifts in activity onset and behavioral
patterns between 2-week and 12-week DLE exposures, suggesting that the core entrainment
effects establish relatively quickly. Here, we designed an experiment to assess whether 4 hours
of 20 lux evening light directly impacts the circadian system, or if the observed effects are
mediated through altered sleep architecture. We combined sleep deprivation with transitions to

constant darkness (DD) to separate these mechanisms. We hypothesized that if DLE effects
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result from masking rather than true circadian entrainment, animals would immediately revert
to initiating activity at the former LD transition (ZT12) upon release into DD. Conversely, if
animals truly entrain to DLE, activity onsets in DD should persist from the delayed phase
established under DLE conditions. Furthermore, by sleep depriving one group of animals
during the final dim phase before transition to DD, we could determine whether increased sleep
during this period is necessary for the physiological and behavioral effects observed under

DLE.

3.2. Methods

Animals and Housing Conditions. 12 animals (1:1 male-female ratio) were used in this study.
Wild-type C57BL/6J animals were purchased from Inotiv, Inc. (UK), and were about 8 weeks
old at the beginning of the study. Animals were singly housed in large MB1 (NKP Isotec) open
top cages (45 L x 28 W x 13 H cm) under a 12:12 LD cycle for a minimum of one week prior
to the start of experiments. They had no prior history of regulated procedures. Food (Teklad
2916) and water were provided ad libitum throughout the study. The temperature and relative
humidity of the animal room were maintained at 20-24°C and 45-65%. Pathogen-free
conditions were maintained throughout the study by the animal facility. Serology, bacteriology,

and parasitology reports (Surrey Diagnostics Ltd., UK) did not note any positive cases.

Lighting. Mice were housed in ventilated LTCs equipped with multiple cool-white LEDs
(Luxeon Star LEDs, Quadica Developments Inc., Canada). These LEDs provided a light level
of 200 photopic lux during the day, giving < 10 S-cone, 130 melanopic, 140 rhodopic and 150
M-cone opic lux. The spectral power distribution featured a higher, narrower peak at ~ 460 nm,

and a lower, broader peak at ~ 560 nm (See Chapter 2, Supp. Fig. 2.1, Supp. Table 2.1).

Experimental Design. After a one-week baseline period under 12:12 LD, animals received
DLE from ZT12 to ZT16 for 1 week. Evening light levels were kept at 20 lux, giving <1 S-

cone opic lux, 13 melanopic lux, 14 rhodopic lux and 15 M-cone opic lux (Lucas et al., 2024).
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On the 8" day, animals were randomly assigned to receive regular DLE (N = 6, “DLE”), or
sleep deprivation during ZT12-16 (N = 6, “DLE/SD”). Sleep deprivation was conducted using
gentle handling and introduction of novel objects when animals displayed sleep-like behavior,
without invoking stress responses. Both groups were then transferred to DD for 10 days. At the
end of the experiment, mice were euthanized by cervical dislocation. Experimenters were not

blind to the animals’ sex or lighting condition.

Compliance. This study is reported in accordance with the ARRIVE 2.0 guidelines. All
experimental procedures were carried out at the University of Oxford, UK, in accordance with
the University of Oxford Policy on the Use of Animals in Scientific Research and the United
Kingdom Animals (Scientific Procedures) Act 1986, under Project License PP0911346 and

Personal License 134186130.

Home Cage Activity Monitoring. A passive infrared sensor (PIR, Panasonic AMN32111) was
positioned above each cage to monitor locomotor activity, following the validated method
described by Brown et al. (2016). To optimize tracking accuracy, gaps beneath the food and
water hoppers in MB1 cages were sealed using Perspex blocks, and nesting material (paper-
based sizzle-nest or cotton fiber nestlets) was provided in a quantity that did not fully obscure
the animal from the sensor. Within each LTC, six PIR sensors were connected to an Arduino
(Arduino Uno R3) alongside a light-dependent resistor (Farnell, UK) to monitor the light
environment. The Arduinos were interfaced with a Raspberry Pi (Raspberry Pi 3 B) and
processed using Node-RED. PIR data were recorded at a 10 s temporal resolution. Data from
the last 4 days of DLE exposure were used for the DLE analysis. All 10 days were used for the
analysis of free-running behavior. PIR activity counts were averaged in 1 min bins and in 1 h

bins to compute the different activity analyses.

Circadian Disruption Measures. Actograms and Chi-square periodogram were computed in
Actogram] (Schmid et al., 2011). Activity onsets were calculated using the median function

(without zero activity) and a smoothing gaussian standard deviation of 5 min. Inter-daily
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stability, intra-daily variability, relative amplitude, light-phase activity, and total activity were
calculated in R (Brown et al., 2019; Witting et al., 1990). See equations in Chapter 2,
Supplemental Figure 2.2. For activity period in DLE, we identified one definite outlier
through the robust regression and outlier removal (ROUT) method using Q = 0.1% (one female
with a period of 24.9 hours). As such this data point was removed from the analysis of DLE
period. This outlier likely resulted from technical issues with activity detection rather than a

true biological variation, as the value deviated substantially from the known circadian range for

C57BL/6J mice.

Statistical Analyses. Statistical testing and plotting were conducted in Prism 10. Regular and
repeated-measures two-way ANOVAs, with a Geisser-Greenhouse correction (for lack of
sphericity), and Holm-Sidak’s multiple comparisons test were computed. When comparing two
groups, unpaired nonparametric Mann-Whitney tests were used, as the distribution of the data

was not Gaussian. a = 0.05 was adopted in all analyses. Mean + SEM was used for all plots.

DLE DLE/SD
200 20 0 lux I:I
Z'I:O 1‘2 1‘6 2’4 ZT0 1:2 1:6 24
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] I
| I
I . |
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A | DD
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A = masking A* = sleep-mediated, if DLE shows result B

Figure 3.2. Experimental design to uncover the mechanisms mediating DLE effects. Following
transition to DD, the onset of free-running behavior will reveal whether the delayed-effects of
DLE are a result of negative masking or entrainment. If both the DLE and DLE/SD groups free-
run from a delayed phase, then it will reveal true entrainment independent of sleep state during
the dim phase. If the DLE/SD group begins to free-run from an earlier phase than the DLE
group, then the phase delaying effects of DLE are sleep-mediated.

120



3.3. Results

A DLE B DLE/SD
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Figure 3.3. Representative double-plotted actogram of locomotor activity during 5 days of DLE
(final days of a 1-week exposure) and 10 days of DD for A. one animal without sleep
deprivation, and B. one animal experiencing sleep deprivation during ZT12-16 on the final day
of DLE exposure. Yellow shading and red arrows indicate light phases and activity onsets,
respectively. Sleep deprivation is marked by a red square.

Activity Onsets. All animals were exposed to 1 week of DLE exposure before being transferred
into DD (Fig. 3.3A), with the DLE/SD group experiencing sleep deprivation (ZT12-16) on the
final day of DLE exposure (Fig. 3.3B). Analysis of activity onsets revealed no differences
between groups (Mean = 15.21 £ 0.12 ZT; Group, F1, 19 = 2.981, p = 0.1150; Fig. 3.4), with
an average onset of activity between ZT15 and ZT15.5 under DLE. On the final day of DLE
(day 0 in Figure 3.4), sleep deprivation was confirmed by a significant post-hoc difference in
activity onset corresponding to ZT12 for the DLE/SD group. In DD, animals free-ran, as
evidenced by an advance in the activity onsets throughout the 10 days (Time, F3.004 30.049 =

26.17, p <0.0001; Fig. 3.4). All actograms can be found in Supplemental Figure 3.1.
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Figure 3.4. Activity onsets under DLE and DD (N = 6 per group). Data for 5 days of DLE
(final days of a 1-week exposure) and 10 days of DD are represented. The DLE/SD group
experienced sleep deprivation during ZT12-16 on the final day of DLE exposure (Day 0). Dark
shading indicates dim/dark phases. Mean +/- SEM. Statistically significant multiple
comparisons are indicated by an asterisk.

Locomotor Activity under DLE. Home cage locomotor activity thythms were examined
under DLE to confirm that both groups of animals had a comparable baseline pattern of activity.
Under acute exposure to DLE, all animals exhibited a circadian period close to 24 hours (Mean
=23.99 £ 0.02 h; Mann-Whitney, U = 14.5, p = 0.9675; Fig. 3.5A). Chi-square periodogram
analysis revealed no differences between groups in the distribution of periodogram power
(Group, Fyi, 10 = 2.661, p = 0.1339; Fig. 3.5B), or maximum Qp (Mann-Whitney, U= 13, p =
0.4848; Fig. 3.5C). Averaged daily activity profiles revealed a main effect of Time (Time,
F175 41.75 = 61.34, p <0.0001; Supp. Fig. 3.2A), but no main effect of Group (Group, Fy1, 19
=0.1864, p = 0.6751; Supp. Fig. 3.2A), or interaction (Time x Group, F23 2309 = 0.5583, p =
0.9507; Supp. Fig. 3.2A). Similarly, the distribution of activity between the light, dim, and
dark phases showed a main effect of Time (Time, Fi;371, 1371 = 337.2, p < 0.0001; Supp. Fig.
3.2B), but no main effect of Group (Group, F;, 19 = 0.0625, p = 0.8076; Supp. Fig. 3.2B), or
interaction (Time x Group, F2, 29 = 0.3526, p = 0.7072; Supp. Fig. 3.2B). Additionally, there
were no statistical differences in total daily activity (Mann-Whitney, U= 12, p = 0.3939; Supp.
Fig. 3.2C), inter-daily stability (Mann-Whitney, U = 11, p = 0.3090; Supp. Fig. 3.2D), intra-

daily variability (Mann-Whitney, U = 17, p = 0.9372; Supp. Fig. 3.2E), number and
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distribution of activity bouts (Group, F(;, 19 = 0.5033, p = 0.4943; Supp. Fig. 3.2F), or relative

amplitude (Mann-Whitney, U = 10, p = 0.2403; Supp. Fig. 3.2G) between groups.
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Figure 3.5. Chi-square periodogram analysis of locomotor activity rhythms under DLE and
DD (N = 6 per group). A. Period of activity rhythms, B. Chi-square periodogram analysis, and
C. Maximum Qp values for the control DLE group. D. Period of activity rhythms, E. Chi-
square periodogram analysis, and F. Maximum Qp values for the control DLE/SD group, which
was sleep deprived during the final dim phase (ZT12-16) before going into DD. Mean +/- SEM.

Free-Running Locomotor Activity in DD. Home cage locomotor activity rhythms were
examined under DD to compare free-running behaviors between groups. Under DD, all animals
exhibited a circadian period of about 23.7 hours (Mean = 23.66 £ 0.06 h; Mann-Whitney, U =
8.5, p = 0.1429; Fig. 3.5D). Chi-square periodogram analysis revealed no differences between
groups in the distribution of periodogram power (Group, F, 19 = 0.1150, p = 0.7415; Fig.
3.5E), or maximum Qp (Mann-Whitney, U = 17, p = 0.9372; Fig. 3.5F). Additionally, there

were no statistical differences in total daily activity (Mann-Whitney, U= 16, p = 0.8182; Supp.
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Fig. 3.3A), inter-daily stability (Mann-Whitney, U = 10, p = 0.2403; Supp. Fig. 3.3B), intra-
daily variability (Mann-Whitney, U = 13, p = 0.4848; Supp. Fig. 3.3C), number and
distribution of activity bouts (Group, F(;, 19 = 0.3469, p = 0.5690; Supp. Fig. 3.3D), or relative

amplitude (Mann-Whitney, U= 11, p = 0.3095; Supp. Fig. 3.3E) between groups.

Sex Differences. Data disaggregation by sex revealed distinct differences between the activity
rhythms of males and females under both DLE conditions and during the transition to DD.
Under 1 week of DLE, both sexes displayed similar profiles of daily activity (Sex, Fy, 19 =
0.5378, p = 0.4802; Supp. Fig. 3.4A) and distribution between the light, dim, and dark phases
(Sex, F1, 10 =0.0625, p = 0.8076; Supp. Fig. 3.4B). However, females were significantly more
active, as evidenced by higher total daily activity (Mann-Whitney, U = 0, p = 0.0022; Supp.
Fig. 3.4C). Females also showed stronger rhythms with higher periodogram power (Sex, F(i, 19
=22.54, p = 0.0008; Supp. Fig. 3.4D) and maximum Qp values (Mann-Whitney, U =1, p =
0.0043; Supp. Fig. 3.4E), though there were no differences in the activity period between sexes
(Mann-Whitney, U = 12.5, p = 0.6905; Supp. Fig. 3.4F). Moreover, females exhibited more
stable and consolidated rhythms, with higher inter-daily stability (Mann-Whitney, U= 5, p =
0.0411; Supp. Fig. 3.4G), and lower intra-daily variability (Mann-Whitney, U= 0, p = 0.0022;
Supp. Fig. 3.4H). Analysis of activity bout distribution revealed a main effect of sex (Sex, F;,
10 = 9.655, p = 0.0111; Supp. Fig. 3.4I), and an interaction effect for the number and
distribution of activity bouts (Bout length x Sex, Fi7, 7 = 6.414, p < 0.0001; Supp. Fig. 3.41).
Post-hoc testing showed that females had significantly fewer bouts of activity <3 min compared
to males. There were no differences in relative amplitude (Mann-Whitney, U = 8, p = 0.1320;

Supp. Fig. 3.4J).

Following the transition to DD, sex differences in free-running behavior became further
apparent. While there were no differences in overall periodogram power (Sex, F, 19 = 1.631,
p=0.2304; Supp. Fig. 3.5A), females maintained higher maximum Qp values (Mann-Whitney,

U=0, p=0.0022; Supp. Fig. 3.5B), and tended towards a shorter free-running period, though
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this did not reach statistical significance (Mann-Whitney, U = 6, p = 0.0584; Supp. Fig. 3.5C).
Females continued to be more active, as evidenced by increased total daily activity as compared
to males (Mann-Whitney, U = 0, p = 0.0022; Supp. Fig. 3.5D). While inter-daily stability did
not differ between sexes (Mann-Whitney, U = 17, p = 0.9372; Supp. Fig. 3.5E), females
maintained lower intra-daily variability (Mann-Whitney, U = 0, p = 0.0022; Supp. Fig. 3.5F).
Activity bout analysis showed a main effect of sex (Sex, F;, 109 = 14.58, p = 0.0034; Supp. Fig.
3.5G), and an interaction effect (Bout length x Sex, F7 79 = 10.54, p < 0.0001; Supp. Fig.
3.5G), with post-hoc testing revealing that females had significantly fewer short activity bouts
< 3 min compared to males. There were no differences in relative amplitude (Mann-Whitney,

U= 17, p = 0.9372; Supp. Fig. 3.5H).

3.4. Discussion

In this study, we investigated the mechanisms underlying physiological and behavioral changes
observed during acute DLE exposure. Specifically, we examined whether increased sleep
during the dim phase plays a crucial role in the entrainment to this lighting condition. Our
experimental design compared two groups of mice: one exposed to standard DLE followed by
DD, and another that experienced sleep deprivation during the final dim phase (ZT12-16)
before transitioning to DD. This approach allowed us to disentangle the direct effects of DLE
on the circadian system from potential sleep-dependent mechanisms. Our results show that
despite confirmed sleep deprivation during the dim phase, both groups exhibited remarkably

similar free-running behavior upon release into DD.

Activity onset under acute DLE exposure was consistent across all animals, occurring around
ZT15.2. This ~ 3.2 hour delay from the standard ZT12 onset aligns with our previous findings
showing that both a 2-week and 12-week DLE exposure shifts activity onset by approximately
3-4 hours (Tam et al., 2021). Prior to sleep deprivation and transition to DD, we confirmed that
there were no differences in the period, amplitude, strength, or stability of baseline activity

rhythms between groups, ensuring both cohorts had entrained similarly to the DLE conditions.
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Upon transition to DD, both groups demonstrated similar free-running behavior with a
shortening of activity period to ~ 23.7 hours, consistent with the typical endogenous period of
C57BL/6J mice (Schwartz & Zimmerman, 1990). Critically, all animals began free-running
from ~ ZT14.6, and not from ZT12, demonstrating that the delay in activity onset represents
true entrainment rather than a masking effect that would disappear under DD conditions. The
preservation of this delayed phase in DD indicates that DLE directly impacts the circadian clock
at the SCN level. Moreover, the absence of differences in activity onsets, periodogram power,
total activity, rhythm stability, or fragmentation between sleep-deprived and control animals
suggests that sleep during the dim phase is not necessary for entrainment to DLE conditions.
The pronounced sex differences observed in our study reinforce our findings from the previous
chapter, with females consistently exhibiting more robust, consolidated, and stable activity

rhythms under both DLE and DD conditions relative to males.

One limitation of our experimental design is the single-day sleep deprivation protocol before
transitioning to DD. It remains possible that altered sleep patterns during the preceding days of
DLE exposure had already established lasting impacts on the circadian system that a single day
of sleep deprivation could not reverse. A more comprehensive approach would involve sleep
deprivation throughout the entire DLE exposure to fully rule out sleep-dependent mechanisms.
On the other hand, sleep deprivation itself can influence the circadian system independently of
sleep loss per se. Prior studies have shown that sleep deprivation can modulate phase shifting
to light, either advancing or delaying circadian rhythms depending on timing, possibly through
adenosine accumulation, which alters SCN light responsiveness (Burgess, 2010; Challet et al.,
2001; Jagannath et al., 2021; Mistlberger et al., 1997). In our paradigm, this raises the
possibility that the similar free-running behavior observed between groups could therefore
reflect either independence of DLE entrainment from sleep state, or sleep deprivation-induced
alterations in circadian timing that interact with the established DLE entrainment. Nevertheless,
the consistent delay in free-running activity onset across both groups provides strong evidence

for direct circadian entrainment to the dim evening light stimulus.
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Our finding that sleep during the dim phase is not necessary for circadian entrainment to DLE
has several parallels in human research. Multiple studies have demonstrated that the human
circadian system remains responsive to light during sleep. Zeitzer and colleagues (2014)
showed that millisecond flashes of light delivered during sleep were capable of phase-delaying
the circadian clock, despite subjects remaining asleep throughout the light exposure (Zeitzer et
al., 2014). Similarly, Figueiro and colleagues (2013) demonstrated that light pulses delivered
through closed eyelids during sleep could suppress melatonin and phase-shift circadian
rhythms, providing a mechanism for how light might affect circadian timing during sleep
(Figueiro et al., 2013). This aligns with anatomical evidence that human eyelids transmit
approximately 0.3-10% of environmental light depending on wavelength (Bierman et al.,
2011). Therefore, these human studies support our finding that DLE exposure, independent of

sleep state, can directly affect mouse circadian physiology and behavior.

3.5. Conclusion

Our results demonstrate that the phase-delaying effects of DLE appear to occur through direct
photic entrainment rather than through sleep-dependent mechanisms. This finding has
important implications for understanding how modern light environments affect circadian
biology. Even passive exposure to dim light, regardless of whether an individual is awake or
asleep during this exposure, may directly impact physiology and behavior through photic
pathways. The understanding of these mechanisms will further inform recommendations for

optimizing light environments to support healthy circadian rhythms in modern societies.
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3.6. Supplemental Material
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Supplemental Figure 3.1. Representative double-plotted actogram of locomotor activity
during 5 days of DLE (final days of a 1-week exposure) and 10 days of DD for A. females and
B. males in the control DLE group, and C. females and D. males in the DLE/SD group which
experienced sleep deprivation during ZT12-16 on the final day of DLE exposure. Yellow
shading and red arrows indicate light phases and activity onsets, respectively. Sleep deprivation
is marked by a red square.
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Supplemental Figure 3.2. Analysis of baseline locomotor activity rhythms under acute DLE
exposure (N = 6 per group). Both groups were housed in the same conditions, with the DLE/SD
group randomly selected for sleep deprivation (ZT12-16) at the conclusion of the 1 week of
DLE exposure. A. 24-hour activity profile. PIR data were normalized for each animal using
min-max scaling. B. Light, dim, and dark-phase activity, as a percentage of total activity per
day. C. Total activity per day. D. Inter-daily stability. E. Intra-daily variability. F. Distribution
of the number and duration of activity bouts. G. Relative amplitude. Mean +/- SEM.
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Supplemental Figure 3.3. Analysis of free-running locomotor activity rhythms under DD
following acute DLE exposure (N = 6 per group). The DLE/SD group was sleep deprived
during the final dim phase (ZT12-16) before going into DD. A. Total activity per day. B. Inter-
daily stability. C. Intra-daily variability. D. Distribution of the number and duration of activity
bouts. E. Relative amplitude. Mean +/- SEM.
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Supplemental Figure 3.4. Analysis of baseline locomotor activity rhythms under acute DLE
exposure, disaggregated by sex (N = 6 per group). Data from the DLE and DLE/SD groups
were pulled together. A. 24-hour activity profile. B. Light, dim, and dark-phase activity, as a
percentage of total activity per day. C. Total activity per day (Mann-Whitney, U = 0, p =
0.0022). D. Chi-square periodogram analysis (Sex, Fy1, 19 = 22.54, p = 0.0008). E. Maximum
Qp values (Mann-Whitney, U = 1, p = 0.0043). F. Period of activity rhythms. G. Inter-daily
stability (Mann-Whitney, U= 5, p = 0.0411). H. Intra-daily variability (Mann-Whitney, U= 0,
p = 0.0022). I. Distribution of the number and duration of activity bouts (Bout length x Sex,
Fg 70 = 6.414, p < 0.0001). J. Relative amplitude. Mean +/- SEM. Statistically significant
multiple comparisons are indicated by an asterisk.
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Supplemental Figure 3.5. Analysis of free-running locomotor activity rhythms under DD
following acute DLE exposure, disaggregated by sex (N = 6 per group). Data from the DLE
and DLE/SD groups were pulled together as no differences were found between groups. A.
Chi-square periodogram analysis. B. Maximum Qp values (Mann-Whitney, U= 0, p = 0.0022).
C. Period of activity thythms. D. Total activity per day (Mann-Whitney, U= 0, p = 0.0022). E.
Inter-daily stability. F. Intra-daily variability (Mann-Whitney, U = 0, p = 0.0022). G.
Distribution of the number and duration of activity bouts (Bout length x Sex, F(7, 79 = 10.54).
H. Relative amplitude. Mean +/- SEM. Statistically significant multiple comparisons are
indicated by an asterisk.
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Chapter 4. Interventions to Mitigate the Effects of Dim Light in the

Evening

4.1. Introduction

In Chapter 2, we established that DLE exposure leads to significant alterations in circadian
rhythms, including delays in activity, sleep, and body temperature rhythms, as well as changes
in metabolic parameters and memory performance. In Chapter 3, we demonstrated that these
effects are primarily mediated through direct photic entrainment pathways rather than sleep-
dependent mechanisms. The circadian system responds to light in nuanced ways, with effects
varying based on multiple parameters, including intensity, spectral composition, duration, and
timing of the light exposure. Given that DLE directly impacts the circadian system through
light-sensitive pathways, mitigation strategies might involve modifying the light environment
to attenuate these effects. In this chapter, we investigated three distinct approaches to mitigate
the phase-delaying effects of DLE: modifying daytime light intensity, filtering blue
wavelengths during the evening, and introducing targeted wavelength stimulation during the

dim phase.

While limiting evening light exposure may appear as the most straightforward approach to
mitigate DLE effects, this may not always be practical (or a realistic demand) in our modern
society. If we cannot change the timing or duration of DLE exposure, and if 20 lux of evening
light is the standard in homes, an alternative strategy could involve enhancing the contrast
between daytime and evening light levels. As such, in Experiment 1, we examined how varying
the intensity of daytime light affects circadian responses to DLE. The circadian system is
sensitive to both absolute light levels and the relative contrast between light and dark phases
(Kronfeld-Schor et al., 2013). Previous research has shown that the amplitude of the LD cycle
plays a crucial role in circadian entrainment, with higher amplitude cycles generally producing

stronger rhythms (Aschoff, 1960; Pittendrigh & Daan, 1976b). However, it remains unknown

134



whether modulating daytime light intensity can reduce the phase-delaying effects of DLE that
we observed in our previous experiments. By maintaining a fixed dim light phase (20 lux from
ZT12-16) while varying daytime light intensity from 20 to 500 lux, we aimed to determine
whether higher daytime light levels could attenuate the phase-delaying effects of DLE. We
hypothesized that increased daytime light intensity would strengthen circadian entrainment and

reduce the magnitude of evening light-induced phase delays.

If practical constraints prevent modifications to the timing or duration of DLE exposure, and if
manipulating daytime brightness proves ineffective, altering the spectral composition of DLE
may present a promising alternative. Melanopsin has been proposed as the primary mediator of
circadian light responses (Hattar et al., 2002; Panda et al., 2003). Since its peak sensitivity is in
the blue light spectrum, blue light has been widely implicated in non-visual responses to light
(Brainard et al., 2001; Thapan et al., 2001; Wahl et al., 2019). As such, in Experiment 2, we
explored whether filtering short-wavelength light (< 500 nm) during the evening could reduce
DLE effects. Using human red cone knock-in mice, which provide enhanced spectral separation
between photoreceptor classes, we tested whether blue-blocking filters could prevent or reduce
the phase-delaying effects of DLE on activity rhythms. The use of blue-blocking glasses has
gained popularity as a potential intervention for evening light exposure in humans. Yet,
evidence for their efficacy in preventing sleep and circadian disruption remains limited and
inconsistent (Burkhart & Phelps, 2009; Giménez et al., 2014; Hester et al., 2021; Lawrenson et
al.,2017; Liset et al., 2022; Shechter et al., 2018; van der Lely et al., 2015). These mixed results
suggest that blocking blue light alone may be insufficient to fully counteract evening light
effects, possibly due to contributions from other photoreceptors or wavelengths. Therefore, we
hypothesized that blue-blocking filters would minimally impact the phase-delaying effects of

DLE.

Indeed, previous findings from our lab showed that the acute effects of DLE on activity and

sleep persisted in mice lacking melanopsin (Tam et al., 2021). This suggests that the rods and
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cones may be driving this response in the absence of melanopsin photoreceptors, or its
activation, and that all three photoreceptor classes may be contributing to the effects of DLE in
the wild-type retina. Blue-blocking approaches alone may thus be insufficient to prevent the
phase-delaying effects of DLE, requiring alternative or complementary intervention strategies.
Recent research has revealed that S-cone activation can influence circadian light responses
differently from M/L-cones and melanopsin, potentially attenuating phase shifts under certain
conditions (Mouland et al., 2019). As such, in Experiment 3, we tested a novel photoreceptor-
targeting approach using violet light supplementation during the dim phase. The targeting of S-
cones aims to modulate the circadian effects of evening light through their distinct contribution
to non-visual responses and opposing signals to that of melanopsin pRGCs (Dacey et al., 2005;
Woelders et al., 2018). By supplementing either a constant 5 pW violet light or a 10 Hz
flickering violet light during the dim phase while maintaining similar overall illuminance
levels, we aimed to investigate whether this photoreceptor-specific approach could reduce the
phase-delaying effects observed with standard DLE. The 10 Hz flicker rate was selected to
optimize S-cone stimulation while minimizing contributions from other photoreceptors. At this
frequency, melanopsin responses are significantly attenuated due to their slow temporal
integration characteristics (Dacey et al., 2005; Do & Yau, 2010; McDougal & Gamlin, 2010),
while rod contributions are reduced by partial saturation under the 20 lux background
illumination. In contrast, cones maintain sufficient temporal resolution to respond effectively
to 10 Hz stimulation, allowing for preferential cone pathway activation (Wang & Kefalov,
2011). We hypothesized that S-cone targeted stimulation, particularly with flickering violet
light, would reduce the magnitude of DLE-induced phase delays via inhibition of melanopsin

pRGC output.

Together, these experiments represent an exploration of potential interventions that could be
implemented in human environments to reduce the circadian impact of evening light exposure

without requiring significant changes to modern lighting practices. The findings may inform
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recommendations for lighting design that could help mitigate the adverse effects of evening

light exposure on circadian health.
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200 LD -20 DLE -20 DLE -20 DLE -20 DLE -20 DLE
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B 200 X 0 lux
N = 10 human red cone Kl zTo 12 16 24
LD DLE DLE/BBF DLE DLE/BBF
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_— _—
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C 200 X 0 lux
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N=6 LD DLE DLE/FV DLE DLE/CV
Week -1 0 1 2 3 4

Figure 4.1. Experimental protocol of the interventions to attenuate the phase-delaying effects
of DLE. A. In Experiment 1, evening light levels were kept at 20 lux, while the light phase
intensity varied between 20, 50, 100, 200, and 500 lux. B. In Experiment 2, animals were
exposed to standard DLE, as well as DLE with the addition of a blue-blocking filter (BBF,
blocking wavelengths < 500 nm) at two different dim light intensities (20 Iux vs 6 lux). C. In
Experiment 3, animals were exposed to three conditions: standard DLE, DLE with 5 pyW
constant violet light (DLE/CV), and DLE with 10 Hz flickering violet light (DLE/FV).

4.2. Methods

Housing Conditions. Animals were singly housed in large MB1 (NKP Isotec) open top cages
(45L x 28 W x 13 H cm) under a 12:12 LD cycle for a minimum of one week prior to the start
of experiments. They had no prior history of regulated procedures and experimenters were not

blind to the animals’ sex or lighting condition. Food (Teklad 2916) and water were provided
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ad libitum throughout the study. The temperature and relative humidity of the animal room
were maintained at 20-24°C and 45-65%. Pathogen-free conditions were maintained
throughout the study by the animal facility. Serology, bacteriology, and parasitology reports

(Surrey Diagnostics Ltd., UK) did not note any positive cases.

Lighting. Mice were housed in ventilated LTCs equipped with multiple cool-white LEDs
(Luxeon Star LEDs, Quadica Developments Inc., Canada). The spectral power distribution of
these LEDs was previously described (See Chapter 2 section 2.2, Supp. Fig. 2.1, Supp. Table
2.1). The control LD condition was set at 12:12 200/0 lux, and the standard DLE at 12:4:8

200/20/0 lux.

Experimental Design. We conducted three separate experiments examining different

interventions to mitigate the effects of DLE on activity rthythms (Fig. 4.1):

Experiment 1: Daytime Light Intensity Modulation. 6 animals (1:1 male-female ratio) were
used as part of a within-subjects design. Wild-type C57BL/6J animals were purchased from
Inotiv, Inc. (UK), and were about 8 weeks old at the beginning of the study. After a one-week
baseline period under 12:12 LD, animals received DLE from ZT12 to ZT16 for 6 weeks, with
a distinct DLE protocol during each week. Evening light levels were kept at 20 lux, while the
light phase intensity varied between 20, 50, 100, 200, and 500 lux. The spectral composition
remained consistent across all intensity levels. The order of the different DLE exposures was
randomized to reduce confounding effects of previous light exposure, as shown in Figure 4.1A.

At the end of the experiment, mice were euthanized by cervical dislocation.

Experiment 2: Blue-Blocking Filters. 10 male human red cone knock-in mice were used as
part of a within-subjects design. These mice were bred in house and were 3-5 months old at the
beginning of the study. No females were included as only males were available at the time of
the study. Animals were exposed to standard DLE (12:4:8 200/20/0 lux) and DLE with a blue-

blocking filter (BBF, blocking wavelengths < 500 nm) at two different dim light intensities (20
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lux vs 6 lux). The BBF conditions reduced melanopic EDI by approximately 65% while
maintaining similar photopic lux levels. Each condition was maintained for one week with the

order counterbalanced across animals (Fig. 4.1B; Fig. 4.2).

Experiment 3: Violet Light Supplementation. 6 male human red cone knock-in mice were
used as part of a within-subjects design. Animals were exposed to three conditions: standard
DLE, DLE with constant violet light (DLE/CV), and DLE with flickering violet light
(DLE/FV). For the DLE/CV condition, a SuW 405 nm violet LED was added to the standard
20 lux white light during the dim phase. For the DLE/FV condition, the violet light was pulsed
at 10 Hz (10 ms ON/10 ms OFF) using a USB pulse train generator (Pulser Plus, Prizmatix,
Israel). The addition of violet light minimally affected the overall photopic illuminance
(increasing from 20 to approximately 20.4-20.8 lux), but significantly increased S-cone
activation by approximately 44-fold (from 0.5 to 24 S-cone opic EDI lux). While other
photoreceptors experienced a 30-50% increase in activation, the S-cone increase was
proportionally much greater (4382%), ensuring that any observed effects would be primarily
S-cone mediated. Additionally, the 10 Hz temporal modulation was selected to minimize rod
and melanopsin contributions, and the delivery against a 20 lux background helped saturate rod

responses. Each condition was maintained for one week (Fig. 4.1C).

Experiments 2 and 3 utilized human red cone knock-in mice, in which the mouse medium-
wavelength sensitive (M) opsin gene has been replaced with the human long-wavelength
sensitive (L) opsin gene (Smallwood et al., 2003). These mice express human L-opsin in a
subset of cones, shifting their spectral sensitivity to longer wavelengths compared to wild-type
mice. This model provides a valuable tool for studying wavelength-specific photoreception, as
it creates a greater spectral separation between cone types, allowing for more precise isolation
of S-cone versus M/L-cone contributions to non-image forming responses. This spectral
separation is particularly important for experiments involving blue light filtering and violet

light stimulation, where specific photoreceptor targeting is essential.
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Figure 4.2. Changes in the spectral power distribution of DLE light using blue-blocking filters

(BBF).

Compliance. This study is reported in accordance with the ARRIVE 2.0 guidelines. All
experimental procedures were carried out at the University of Oxford, UK, in accordance with
the University of Oxford Policy on the Use of Animals in Scientific Research and the United
Kingdom Animals (Scientific Procedures) Act 1986, under Project License PP0911346 and

Personal License 134186130.

Home Cage Activity Monitoring. A passive infrared sensor (PIR, Panasonic AMN32111) was
positioned above each cage to monitor locomotor activity, following the validated method
described by Brown et al. (2016). To optimize tracking accuracy, gaps beneath the food and
water hoppers in MB1 cages were sealed using Perspex blocks, and nesting material (paper-
based sizzle-nest or cotton fiber nestlets) was provided in a quantity that did not fully obscure
the animal from the sensor. Within each LTC, six PIR sensors were connected to an Arduino
(Arduino Uno R3) alongside a light-dependent resistor (Farnell, UK) to monitor the light
environment. The Arduinos were interfaced with a Raspberry Pi (Raspberry Pi 3 B) and
processed using Node-RED. PIR data were recorded at a 10 s temporal resolution. Data from
the last 4 days of LD and each week of DLE exposure were used for analysis. PIR activity

counts were averaged in 1 min bins and in 1 h bins to compute the different activity analyses.
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Due to equipment malfunction, one animal had missing data during the control LD condition.
There were also 9 min of missing data for all animals at ZT9 on the 6™ day of 50-20 DLE. As
this gap was minimal and occurred during the inactive phase of the animals, data were replaced

by zero activity.

Circadian Disruption Measures. Actograms and Chi-square periodogram were computed in
Actogram] (Schmid et al., 2011). Activity onsets were calculated using the median function
(without zero activity) and a smoothing gaussian standard deviation of 5 min. Inter-daily
stability, intra-daily variability, relative amplitude, light-phase activity, and total activity were
calculated in R (Brown et al., 2019; Witting et al., 1990). See equations in Chapter 2,

Supplemental Figure 2.2.

Statistical Analyses. Statistical testing and plotting were conducted in Prism 10. Repeated-
measures one-way and two-way ANOV As, with a Geisser-Greenhouse correction (for lack of
sphericity), and Holm-Sidék’s multiple comparisons test were computed. The control LD group
is represented in the figures, but was not included in the statistical testing in order to focus on
the effects of the different DLE protocols. For activity period in Experiment 2, we identified
two definite outliers through the ROUT method using Q = 0.1% (two 6 lux DLE/BBF animals
with periods of 24.4 and 25.6 hours). As such this data point was removed from the analysis of

DLE period. a = 0.05 was adopted in all analyses. Mean + SEM was used for all plots.

4.3. Results

We have already established the differences between standard LD and DLE conditions in
previous chapters, so these comparisons will not be analyzed here. However, the LD data is
represented on the figures for reference to illustrate the magnitude of phase shifts induced by

DLE.
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Figure 4.3. Analysis of locomotor activity rthythms under DLE with varying daytime light
intensities from 20 to 500 lux in wild-type C57BL/6J animals (N = 6). A. Chi-square
periodogram analysis. B. Maximum Qp values. C. Period of activity thythms. D. Activity
onsets. E. 24-hour activity profile. F. Total activity per day. G. Light, dim, and dark-phase
activity, as a percentage of total activity per day. H. Inter-daily stability. I. Intra-daily
variability. J. Distribution of the number and duration of activity bouts. K. Relative amplitude.
Mean +/- SEM. Statistically significant multiple comparisons are indicated by an asterisk.

Experiment 1: Effects of Daytime Light Intensity. We analyzed how varying daytime light
intensity affected activity patterns in mice exposed to DLE, with daytime light varying between
20 and 500 lux. Surprisingly, minimal differences emerged. All five DLE groups exhibited
strong rhythms, as measured by periodogram power (Lighting, F4 »5) = 0.02177, p = 0.9990;
Fig. 4.3A), and maximum Qp values (Lighting, F1.153 1076 = 1.041, p = 0.3914; Fig. 4.3B). The
period remained at ~ 24 hours (Mean =24.11 £ 0.22 h; Lighting, F'3.005, 15.02 = 2.397, p = 0.1086;
Fig. 4.3C), while a ~ 3 h delay in activity onset was observed across all daytime light intensities

(Mean = 14.98 £ 0.72 ZT; Lighting, F (2901, 65,51 = 1.328, p = 0.2728; Fig. 4.3D). Averaged daily
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activity profiles revealed a main effect of Time (Time, Fis.s3 150.6) = 138.5, p < 0.0001; Fig.
4.3E), but no main effect of Lighting (Lighting, F4 »5; = 0.8479, p = 0.5083; Fig. 4.3E), or
interaction (Time x Lighting, F(o, 575 = 1.113, p = 0.2359; Fig. 4.3E). Similarly, there was no
effect of Lighting on total daily activity (Lighting, F230s, 1159 = 0.8781, p = 0.4557; Fig. 4.3F).
The distribution of activity between the light, dim, and dark phases showed a main effect of
Time (Time, F1.752, 4381 = 1567, p < 0.0001; Fig. 4.3G), but no effect of Lighting (Lighting,
Fy 25 =0.8479, p = 0.5083; Fig. 4.3G). However, we found a significant interaction (Time x
Lighting, Fs, sop = 2.920, p = 0.0094; Fig. 4.3G), with post-hoc testing showing that animals
exposed to 50-20 DLE were more active during the light phase and less active during the dark
phase relative to our standard 200-20 DLE. The 50-20 DLE group was also more active than
the 20-20 DLE group during the light phase. Additionally, while there was no effect of Lighting
on inter-daily stability (Lighting, F2.034 10.179= 0.5857, p=0.5771; Fig. 4.3H), we found a main
effect of Lighting on intra-daily variability (Lighting, F2.3:7, 1159 =4.293, p=0.0361; Fig. 4.31),
but post-hoc testing did not reveal any significant differences between individual lighting
conditions. There were no main effects of Lighting on the number and distribution of activity
bouts (Lighting, F4 »5) = 0.4352, p = 0.7819; Fig. 4.3J), or relative amplitude (Lighting, F;.7s2,
so1ny = 1.565, p = 0.2596; Fig. 4.3K). Analysis by sex was not conducted as only minimal

differences emerged overall.
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Figure 4.4. Analysis of locomotor activity rhythms under DLE, and DLE with a blue-blocking
filter (BBF, < 500 nm) at two different intensities in red cone KI mice (N = 10), which have the
same red sensitivity as humans. A. Chi-square periodogram analysis. B. Maximum Qp values.
C. Period of activity rhythms. D. Activity onsets (Lighting, F;.0s0, 73.26) = 21.29, p <0.0001). E.
24-hour activity profile. F. Light, dim, and dark-phase activity, as a percentage of total activity
per day. G. Total activity per day. H. Inter-daily stability. I. Intra-daily variability. J.
Distribution of the number and duration of activity bouts. K. Relative amplitude. Mean +/-
SEM.

Experiment 2: Effects of Blue-Blocking Filters. We examined how filtering short
wavelengths of light (< 500 nm) during the dim phase impacted locomotor activity rthythms
under acute DLE exposure. All three DLE groups exhibited strong rhythms, as measured by
periodogram power (Lighting, F» »7=0.1853, p =0.8319; Fig. 4.4A), and maximum Qp values
(Lighting, F1.980, 17.82) = 0.4166, p = 0.6636; Fig. 4.4B). The period remained at ~ 24 hours for
all conditions (Mean = 23.96 £ 0.12 h; Lighting, F; 25y = 0.06448, p = 0.9377; Fig. 4.4C).

Interestingly, there was a main effect of Lighting on activity onsets (Lighting, F(;.0s0, 73.2¢) =
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21.29, p <0.0001; Fig. 4.4D), with post-hoc testing revealing a significant difference between
the 6 lux DLE/BBF group (Mean = 14.31 £ 0.12 ZT) and the standard DLE (Mean = 15.20 +
0.11 ZT) or 20 lux DLE/BBF condition (Mean = 15.14 + 0.12 ZT). This suggests that the
combination of lower intensity DLE and a blue-blocking filter attenuated the phase delay by ~
50 min. Averaged daily profiles did not differ (Lighting, F2 27 = 0.09671, p = 0.9081; Fig.
4.4E), with a similar distribution between the light, dim, and dark phases (¥ and p values could
not be computed because of the lack of variation; Fig. 4.4F), as well as total amount of activity
(Lighting, F1261, 11.35 = 0.3090, p = 0.6403; Fig. 4.4G). All animals displayed high inter-daily
stability (Lighting, Fy;sss 1402 = 0.1917, p = 0.7741; Fig. 4.4H), low intra-daily variability
(Lighting, Fy1 485, 13,39 = 0.4501, p = 0.5904; Fig. 4.41), consolidated bouts of activity (Lighting,
Fp 27 =0.7525, p = 0.4808; Fig. 4.4J), and high relative amplitude (Lighting, F;.s59, 1673 =
1.298, p = 0.2971; Fig. 4.4K). Together, these results revealed a significant attenuation of the
phase-delaying effect of DLE when blue light was filtered at lower light intensities, suggesting
a complex interaction between light composition, intensity, and circadian entrainment. It also
suggests that non-melanopsin photoreceptors play a complex role in mediating circadian

responses to evening light.
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Figure 4.5. Analysis of locomotor activity rhythms under acute DLE, and with the addition of
a 5uW constant (DLE/CV) or 10Hz flickering (DLE/FV) violet light in red cone KI mice (N =
6), which have the same red sensitivity as humans. A. Chi-square periodogram analysis. B.
Maximum Qp values. C. Period of activity thythms. D. Activity onsets. E. 24-hour activity
profile. F. Light, dim, and dark-phase activity, as a percentage of total activity per day. G. Total
activity per day. H. Inter-daily stability. I. Intra-daily variability. J. Distribution of the number
and duration of activity bouts. K. Relative amplitude. Mean +/- SEM.

Experiment 3: Effects of Violet Light Supplementation. We examined how the addition of
a constant or flickering violet light during the dim phase impacted locomotor activity rhythms
under acute DLE exposure. Overall, we found no effect of our experimental condition, with no
statistically significant differences between DLE groups in any of the activity measures. All
three DLE groups exhibited strong rhythms, as measured by periodogram power (Lighting, F,,
15 =0.9888, p = 0.3950; Fig. 4.5A), and maximum Qp values (Lighting, F/1.673 5363 = 2.241, p
= 0.1689; Fig. 4.5B). The period remained at ~ 24 hours (Mean = 24.00 + 0.05 h; Lighting,

Fur1 8607 = 03718, p = 0.6702; Fig. 4.5C), while a ~ 3.15 h delay in activity onset was
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observed across all DLE conditions (Mean = 15.15 + 0.57 ZT; Lighting, F(;, 23 = 1.631, p =
0.2143; Fig. 4.5D). Averaged daily profiles did not differ (Lighting, F2 ;5= 0.1208, p = 0.8871;
Fig. 4.5E), with a similar distribution between the light, dim, and dark phases (£ and p values
could not be computed because of the lack of variation; Fig. 4.5F), as well as total amount of
activity (Lighting, F(1.497, 7487 = 0.1063, p = 0.8466; Fig. 4.5G). All animals displayed high
inter-daily stability (Lighting, F1.144 5.721) = 1.458, p = 0.2824; Fig. 4.5H), low intra-daily
variability (Lighting, Fy1.31, 5.156) = 2.030, p = 0.1938; Fig. 4.51), consolidated bouts of activity
(Lighting, F», 15 = 0.3998, p = 0.6774; Fig. 4.5J), and high relative amplitude (Lighting, Fi; 260,
6.302)=3.530, p=0.1033; Fig. 4.5K). These results indicate that S-cone activation through violet
light supplementation, whether constant or flickering, did not counteract the phase-delaying

effects of DLE on activity patterns.

4.4. Discussion

In this chapter, we explored three distinct approaches to mitigate the circadian-disrupting
effects of DLE exposure: varying the intensity of daytime light, filtering short-wavelength light
during the evening, and supplementing evening light with violet wavelengths to increase S-
cone inhibition of melanopsin pRGCs. Our results revealed that while most interventions were
ineffective, the combination of reduced light intensity and a blue-blocking filter partially

attenuated the phase-delaying effects of DLE.

Daytime Light Intensity. Our investigation into whether modulating daytime light intensity
could counteract the phase-delaying effects of DLE revealed remarkably minimal differences
across a range of daytime light levels (20-500 lux). The delay in activity onset remained
remarkably consistent at approximately 3 hours across all conditions. This suggests that a
contrast from 1:1 to 25:1 between daytime and evening light intensities is not a critical factor
in determining the magnitude of the phase delay. This finding is somewhat surprising given the
well-established role of light/dark cycle amplitude in circadian entrainment (Czeisler et al.,

1989; Pittendrigh & Daan, 1976b).
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Interestingly, we observed a small effect at moderate/low daytime light intensity (50 lux),
where animals displayed increased activity during the light phase and decreased activity during
the dark phase compared to our standard 200 lux condition. This redistribution of activity
occurred without altering the overall phase or period, suggesting an effect of moderate daytime
illuminance on the daily pattern of activity. However, this could potentially result from
experimental variability or a localized environmental disturbance during this precise

experimental week rather than a biological change.

One limitation of Experiment 1 was our inability to test daytime light intensities exceeding 500
lux. In natural and artificial environments, humans can experience much greater light/dark
contrasts, with daytime illuminance potentially reaching several thousand lux. It remains
possible that more dramatic differences in light intensity might yield different results, as the
contrast ratio in our experiments (maximum 25:1) may have been insufficient to significantly
impact entrainment mechanisms. Future studies utilizing higher daytime illuminance levels

would help address this limitation.

Blue-Blocking Filters. Blue-blocking glasses and filters have been widely promoted as a
means to prevent the deleterious effects of evening light exposure on circadian rhythms and
sleep. This approach is based on the premise that melanopsin, with its peak sensitivity in the
blue light spectrum, is the primary mediator of circadian responses to light (Brainard et al.,
2001; Hattar et al., 2002). Our results demonstrated that filtering wavelengths below 500 nm
had no effect at standard DLE illuminance (20 lux), but significantly attenuated the phase-
delaying effect of DLE when combined with reduced light intensity (6 lux), resulting in an

approximately 50-minute advance in activity onset compared to the standard DLE condition.

This finding suggests an interaction between light intensity and spectral composition in
mediating responses to DLE. The effectiveness of blue-blocking filters appears to be highly
dependent on the overall illuminance level, becoming significant only when the total light

intensity is reduced below a certain threshold. This is consistent with previous research
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demonstrating different photic thresholds for various non-image forming visual functions
(Butler & Silver, 2011). Non-image forming responses like circadian entrainment, masking,
and the pupillary light reflex have been shown to have distinct sensitivity thresholds, with
entrainment occurring at lower irradiances than other responses. Our results suggest that at
standard evening light levels, the contribution of remaining wavelengths above 500 nm are
sufficient to maintain robust circadian entrainment even when blue light is filtered. It also
suggests that reducing overall illuminance brings the system below a critical threshold where

changes in spectral composition becomes more influential.

These findings are particularly noteworthy in light of our previous observation that the phase-
delaying effects of DLE on activity and sleep persist in melanopsin-knockout mice (Tam et al.,
2021), suggesting that other photoreceptors contribute significantly to this response. Rods and
cones, particularly M-cones with peak sensitivity around 510 nm, likely play an important role
in mediating the effects of evening light on the circadian system, especially at the relatively
low light levels used in our DLE paradigm (Lall et al., 2010; van Diepen et al., 2013). This is
consistent with the action spectrum for phase shifting circadian rhythms in wild-type mice,
which is shifted to longer wavelengths (Provencio & Foster, 1995; Yoshimura & Ebihara,
1996). The nonuniform distribution and spectral tuning of photosensitive retinal ganglion cells
in the mouse retina further complicates this picture, as different subpopulations of pRGCs may

have varying roles in circadian entrainment (Berson et al., 2010).

The human literature on blue-blocking interventions presents mixed results, with some studies
reporting benefits for sleep and circadian parameters (Burkhart & Phelps, 2009; van der Lely
et al., 2015). This inconsistency likely stems from substantial methodological variations across
studies, particularly regarding the ambient lighting conditions (Hester et al., 2021). Many
studies fail to adequately characterize room lighting in terms of spectral composition and
intensity, making it difficult to interpret and compare results. Our findings might help explain

this inconsistency by highlighting the importance of absolute light intensity. Based on human
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photometry, filtering wavelengths below 500 nm typically reduces melanopic illuminance by
approximately three-fold (Lucas et al., 2014), but this reduction may only produce measurable
effects when the overall light intensity is relatively low. Indeed, at higher ambient light levels
(> 100 lux), which are common in many indoor environments, the contribution of remaining
wavelengths may be sufficient to maintain circadian effects even when blue light is filtered.
These results have important implications for the application of blue-blocking interventions in
real-world settings. They suggest that such approaches may be most effective when combined
with overall reductions in light intensity, rather than relying solely on spectral filtering while

maintaining typical indoor illuminance levels.

A limitation of our experimental design is the absence of a 6 lux DLE condition without a blue-
blocking filter, which would have allowed for a more precise separation of reduced intensity
and changes in spectral composition. As a result, we cannot definitively attribute the observed
shift in activity onset to either factor or their interaction. However, our aim was specifically to
compare their combined effect to the standard 20 lux DLE condition. Future studies should
include a full factorial design with both intensity (20 vs 6 lux) and spectral composition (with

vs without BBF) to definitively characterize their independent and interactive effects.

Violet Light Supplementation. Our third approach explored whether targeted stimulation of
S-cones, which have been shown to influence circadian responses differently from M/L-cones
and melanopsin (Mouland et al., 2019), could counteract the phase-delaying effects of DLE.
This strategy was based on evidence suggesting that S-cone activation might provide opposing

signals that could potentially attenuate the phase-delaying effects of evening light.

Despite our careful design to selectively enhance S-cone activation while minimizing effects
on overall illuminance, neither the addition of constant nor flickering violet light produced any
significant reduction in DLE-induced phase delays. Activity onsets remained consistently

delayed by approximately 3.15 hours across all conditions, similar to standard DLE. This
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suggests that S-cone stimulation at the parameters we tested is not sufficient to counteract the

phase-delaying effects of broadband white light at 20 lux.

Recent research has highlighted that ultraviolet light provides a major input to non-image-
forming light detection in mice (van Oosterhout et al., 2012), primarily through S-opsin
expressing cones. While our experiment targeted these same S-cones using violet light (405
nm) that falls within the visible spectrum, it is possible that the specific parameters we
employed (intensity or duration) were insufficient to effectively counteract the entraining
effects of the broader spectrum white light. The relatively small population of S-cones
compared to M-cones in the mouse retina might also contribute to the limited impact of our
intervention, despite our efforts to target these cells specifically (Nadal-Nicolas et al., 2020).
Moreover, not all S-cones, but only a subset were found to have this inhibitory effect, which

could account for the lack of changes (Dacey et al., 2005).

Additionally, the 10 Hz flicker rate we employed was specifically selected to optimize S-cone
stimulation while minimizing melanopsin contributions due to its slow temporal integration
characteristics, and minimizing rod involvement due to partial saturation under the 20 lux
background evening light. However, it appears that even with this targeted approach, the S-
cone contribution was insufficient to significantly alter the phase-shifting effects of the

broadband light.

4.5. Conclusion

Our investigation of potential interventions to mitigate the phase-delaying effects of DLE has
yielded important insights into the complexity of circadian responses to evening light exposure.
While varying daytime light intensity and supplementing violet light had no impact on phase
delays, we found that blue-blocking filters can attenuate DLE effects, but only when combined

with reduced overall light intensity.
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This finding has significant implications for developing practical interventions to minimize
circadian disruption from evening light exposure. It suggests that comprehensive approaches
addressing both spectral composition and absolute light levels may be more effective than
interventions targeting only one aspect of the light stimulus. The effectiveness of blue-blocking
filters specifically at lower light intensities may explain the mixed results observed in human
studies and highlights the importance of considering overall illuminance levels when

implementing such interventions.

The consistency of phase delays across different daytime light intensities suggests that the
contrast ratio between day and evening light may be less important than previously thought, at
least within the range tested in this study. The lack of effect from violet light supplementation,
despite significant increases in S-cone activation, indicates that the inhibitory influence of S-
cones on circadian responses may be context-dependent or insufficient to override signals from
other photoreceptors under typical indoor lighting conditions. Collectively, these results
suggest that mitigation strategies to attenuate DLE require more comprehensive approaches

than the interventions tested here.
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Chapter 5. General Discussion & Conclusion

This thesis investigated the effects of DLE exposure on circadian rhythms and associated
physiological and behavioral parameters in mice, and aimed to understand both the underlying
mechanisms and potential mitigation strategies. In Chapter 1, we reviewed the disruptions
caused by the modern artificial light environment and how these conditions have been studied
in laboratory animals so far. We then introduced our DLE paradigm, which parallels more
closely the exposure experienced by humans. In Chapter 2, through a comprehensive
phenotyping series, we established that chronic DLE exposure induces significant phase delays
in activity, sleep and body temperature rhythms, as well as subtle changes in metabolism and
memory performance. In Chapter 3, we determined that these effects are primarily mediated
through direct photic entrainment pathways rather than negative masking or sleep-dependent
mechanisms. Finally, in Chapter 4, we evaluated several intervention approaches to mitigate

the phase-delaying effects of DLE.

This general discussion integrates our findings across all experimental chapters, contextualizing
them within the broader scientific literature, addressing methodological considerations, and
exploring their implications for understanding and addressing the effects of artificial evening

light exposure in modern environments.

5.1. Key Findings

Description of the Modern Artificial Light Environment. We established a paradigm for
evening light exposure that models the most common pattern of circadian disruption
experienced in modern society. Unlike continuous DLAN, which has been extensively studied
but does not represent typical human experience, our DLE protocol provides a more
ecologically valid model of contemporary artificial lighting conditions. Our comprehensive
review of the DLAN literature revealed widespread effects on circadian physiology across

multiple rodent models, including altered activity and sleep patterns, impaired metabolic
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function, depression-like behaviors, and changes in hippocampal morphology. However, most
people are exposed to artificial light primarily during evening hours rather than throughout the
night. The DLE paradigm we developed addresses this discrepancy by exposing mice to
standard daytime illumination (200 lux) followed by 4 hours of dim light (20 lux) in the evening
before complete darkness, paralleling the experience of people who spend evenings under

artificial illumination before sleep.

Characterization of Chronic DLE Effects. In Chapter 2, we demonstrated that chronic
exposure to DLE (12 weeks) consistently delayed locomotor activity rhythms by approximately
3-4 hours in C57BL/6J mice. This delay was accompanied by parallel shifts in body temperature
rhythms and changes in the distribution of sleep, with increased sleep during the dim light
phase. Despite these timing changes, the overall quantity of activity and sleep, and the
robustness of circadian rthythms remained largely intact, with minimal effects on periodogram
power, amplitude, stability or variability measures. Additionally, we observed sex-specific
effects on metabolic parameters, with females showing greater vulnerability to DLE-induced
alterations in lipid metabolism markers. Building on previous findings, these results indicate
that both acute and chronic DLE exposure causes a coordinated realignment of the circadian

system rather than rhythm fragmentation or desynchrony.

Mechanisms Underlying DLE Effects. Chapter 3 provided critical insights into the
mechanisms mediating DLE effects by examining the contribution of sleep versus circadian
rhythms. We demonstrated that the phase-delaying effects of DLE are primarily mediated
through direct photic entrainment pathways rather than sleep-dependent mechanisms. By
depriving mice of sleep during the dim phase before transitioning to DD, we showed that
activity onsets in DD began to free-run from the delayed phase established under DLE (ZT15-
16), regardless of prior sleep during the dim phase, indicating a delayed phase of entrainment
rather than a masking effect. This finding confirms that DLE directly entrains the circadian

clock through photic pathways independent of sleep state.

155



Interventions to Mitigate DLE Effects. In Chapter 4, we explored three distinct approaches
to attenuate the phase-delaying effects of DLE: varying daytime light intensity, filtering short-
wavelength light during the evening, and supplementing evening light with specific
wavelengths to inhibit melanopsin activation. Surprisingly, varying daytime light intensity
from 20 to 500 lux had minimal impact on the phase-delaying effects of DLE. However, we
discovered that combining a blue-blocking filter with reduced light intensity (6 lux)
significantly attenuated the delay in activity onset by approximately 50 min, while blue-
blocking filters at standard intensity (20 lux) or violet light supplementation targeting S-cones
activation and melanopsin inhibition proved ineffective. These findings suggest a complex
interaction between light intensity and spectral composition in mediating circadian responses
to DLE, revealing that blue-blocking interventions are only likely to be effective under reduced

light intensity.

5.2. Comprehensive Assessment of DLE Exposure in Mice

Direct Photic Entrainment and Multi-Photoreceptor Contributions. Together, our findings
in Chapters 3 and 4 demonstrate that DLE effects are primarily mediated through direct photic
entrainment pathways involving multiple photoreceptor classes. The persistence of DLE effects
in melanopsin-knockout mice (Tam et al., 2021), and the inability of blue-blocking filters to
prevent phase delays at standard light intensities suggest that non-melanopsin photoreceptors
(rods and cones) play significant roles in mediating circadian responses to evening light. This
aligns with the growing recognition that all retinal photoreceptor classes contribute to non-
image forming responses, with their relative contributions varying based on lighting parameters
(Lucas et al., 2014; Spitschan et al., 2019). The interaction we observed between light intensity
and spectral filtering supports the existence of intensity thresholds for different photoreceptor
contributions. The reduction of both the intensity and the short-wavelength content may show
mitigation effects by bringing the system below a critical threshold where remaining

photoreceptor activation is insufficient to generate a complete phase-delay. This is consistent
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with previous research demonstrating different irradiance thresholds for various non-image

forming visual functions (Butler & Silver, 2011).

Coordinated Realignment vs. Disruption. A key insight from our work is that DLE induces
a coordinated realignment of the circadian system rather than causing fragmentation or internal
desynchrony. In Chapter 2, we observed parallel delays in activity, temperature, and sleep
patterns while the overall robustness of rthythms remained intact. In Chapter 3, we showed that
this realignment represents true entrainment rather than masking effects, as the delayed phase
persisted in constant darkness. This coordinated response suggests that the circadian system

adapted to the new dark onset, shifting all outputs accordingly.

Molecular Clock and SCN Circuit Mechanisms. The coordinated phase delays we observed
across multiple physiological outputs likely reflect systematic changes in molecular clock
function within specific SCN neuronal populations. DLE exposure likely induces phase delays
through light-activated transcription of Per/ and Per2, particularly in core SCN neurons such
as VIP- and GRP-expressing cells, which then propagate phase information to shell neurons
and reset the broader SCN network (Shigeyoshi et al., 1997). The magnitude and persistence of
the phase delays we observed (~3-4 hours) suggests substantial reorganization of Peri/Per2
expression patterns, potentially accompanied by changes in other core clock genes including
Clock, Bmall, and Cryl/2. The preservation of rhythm robustness despite these delays implies
that the amplitude and synchrony of clock gene cycling remain intact, even as their phase is
shifted. The involvement of multiple photoreceptor pathways in DLE effects, as evidenced by
the persistence of phase delays in melanopsin-knockout mice, suggests that both the classical
rod/cone pathway through the IGL and the direct melanopsin pathway to VIP neurons
contribute to entrainment. Indeed, the IGL serves as an integrative node, receiving rod/cone
input and projecting neuropeptide Y (NPY) to the SCN, where it can modulate the magnitude

of photic phase shifts (Harrington, 1997; Weber & Rea, 1997). This convergence of
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photoreceptive input pathways may further explain why spectral filtering alone was insufficient

to eliminate DLE-induced phase shifts under standard DLE conditions.

Sex-Specific Vulnerabilities. A consistent finding across our studies was the presence of sex
differences in both baseline rhythmicity and responses to DLE. Females were consistently more
active and exhibited more robust circadian rhythms than males, with stronger periodogram
power, higher amplitude, higher inter-daily stability, and lower intra-daily variability.
However, females also showed greater vulnerability to metabolic disruptions from DLE
exposure, with significant alterations in lipid metabolism parameters that were absent in males.
These findings align with growing evidence for sex differences in circadian biology and
emphasize the importance of including both sexes in circadian research. They also have
implications for understanding sex differences in susceptibility to circadian-related disorders in
humans, where women often show higher prevalence of conditions associated with circadian
disruption (Mong et al., 2011). Additionally, our analysis revealed that the estrous cycle-related
variations in home cage activity observed with running wheels were not evidenced with PIR
data, suggesting that these effects are driven by motivated exploratory behavior rather than

baseline home cage activity.

Sex Differences in SCN Neurophysiology and Molecular Clock Function. The sex
differences observed in rhythm robustness and metabolic vulnerability to DLE likely reflect
underlying differences in SCN structure and function. Female SCN neurons exhibit higher
baseline electrical activity and stronger synchrony between cellular oscillators than males,
which may explain the more robust rhythms observed in females (Kuljis et al., 2013; Nakamura
et al., 2005). This enhanced synchrony is associated with higher amplitude clock gene
expression (Chun et al., 2015). However, this enhanced sensitivity may paradoxically increase
susceptibility to circadian disruption under certain conditions. The SCN exhibits sex-specific
neurochemical organization, including differences in the distribution and connectivity of VIP

and AVP neurons, which may alter photic signal processing and contribute to the sex-specific
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DLE responses we observed (Thirouin et al., 2023; Yan & Silver, 2016). The greater metabolic
disruption seen in females may also reflect differences in coupling between central and
peripheral clocks. Estrogen modulates both SCN function and peripheral metabolic gene
expression, while reproductive hormones fluctuate across the estrous cycle and can influence

circadian light sensitivity and metabolism (Bailey & Silver, 2014).

5.3. Methodological Considerations

Experimental Model. Our use of mice as a model organism for studying evening light
exposure offers both advantages and limitations. Mice are a well-established model for
circadian research with extensively characterized circadian mechanisms. However, as nocturnal
animals, mice have different temporal niche adaptations than humans, potentially limiting
direct translational applications. Nevertheless, the fundamental mechanisms of photic
entrainment are conserved across mammals, making our findings on photoreceptor
contributions and entrainment mechanisms broadly relevant (Tir et al., 2022). Examining the
effects of DLE on a diurnal rodent model would be particularly valuable for translational
purposes, though such models do not readily allow for genetic modification. The use of human
red cone knock-in mice in Chapters 4 provided enhanced spectral separation between
photoreceptor classes, enabling more precise manipulations of wavelength-dependent effects.
This genetically modified model offers unique advantages for studying the specific

contributions of different photoreceptors to circadian responses (Smallwood et al., 2003).

Lighting Parameters. A strength of our approach was the careful characterization and
reporting of lighting parameters using the standardized melanopic EDI framework (Lucas et
al., 2024; Lucas et al., 2014). This allows for precise comparison with other studies and
potential translation to human applications. However, laboratory lighting conditions inevitably
differ from naturalistic light exposure patterns, where intensity, spectral composition, and
timing vary continuously throughout the day. The relatively low intensity of our daytime light

(20-500 lux) compared to natural daylight (typically > 1000 lux outdoors) represents a
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limitation that may have affected our intervention outcomes, particularly in the daytime
intensity modulation experiment. However, it has been shown that the standard indoor lighting
exposure for humans is set around 100-300 lux in typical office environments, with evening
home lighting often below 100 lux (Figueiro et al., 2017; Phillips et al., 2019), making our
paradigm relatively comparable to modern human indoor environments. Moreover, human
circadian responses to light typically saturate above 200 lux (Cajochen et al., 2005; Zeitzer et
al., 2000), so further increasing light levels may not significantly increase the magnitude of the
effects of evening light. This ecological relevance strengthens the potential translational
implications of our findings despite the laboratory setting restrictions. Additionally, studying
higher light intensities presents methodological challenges when using nocturnal photophobic
rodents such as mice. Our PIR activity monitoring system requires animals to remain visible
within their cages, preventing them from exhibiting normal light avoidance behaviors that
would occur at higher intensities. This constraint represents an inherent limitation in
translational research between diurnal humans and nocturnal animal models when investigating

high-intensity lighting effects.

Measurement Approaches. Our use of passive infrared sensors for continuous and non-
invasive monitoring of locomotor activity and indirect assessment of sleep represents both a
strength and a limitation. This approach enabled long-term monitoring without disrupting
natural behavior, but provided less detailed information than electroencephalography would
regarding sleep architecture and quality. Similarly, our use of infrared thermography for
peripheral body temperature assessment allowed non-invasive monitoring, but may not have

captured subtle changes in core body temperature regulation.

5.4. Implications and Applications

Understanding Modern Light Environments. Our findings provide important insights into
how modern light environments might affect circadian physiology. The sensitivity of the

circadian system to even modest evening illumination (20 lux) highlights how typical indoor
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evening lighting could impact circadian timing. The magnitude of the phase delay observed in
our studies (~ 3 h) is substantial and would represent a significant shift in the timing of
physiological processes if translated to humans. Indeed, such a delay would be equivalent to a
delayed sleep phase disorder in human subjects (Micic et al., 2016). This may explain
epidemiological associations between evening light exposure and various health conditions,

including metabolic disorders and sleep disturbances (Lunn et al., 2017).

Designing Effective Interventions. Our intervention studies have practical implications for
developing strategies to mitigate the circadian impact of evening light exposure. The finding
that blue-blocking interventions are effective only when combined with reduced overall light
intensity suggests that current approaches focusing solely on spectral manipulation may have
limited efficacy at typical indoor light levels. This may explain the mixed results observed in
human studies of blue-blocking glasses and applications (Hester et al., 2021; Lawrenson et al.,
2017). Our results suggest that comprehensive approaches addressing both light intensity and
spectral composition would be most effective. Specifically, reducing evening light to below
approximately 10 lux while also filtering short wavelengths might provide better protection
against circadian phase delays than either intervention alone (Brown et al., 2022). This has

implications for the design of both light environments and light-filtering technologies.

Biological Sex as a Modulator of Light Sensitivity. The sex differences observed in our
studies, particularly regarding metabolic responses to DLE, have important implications for
personalized approaches to managing evening light exposure. The heightened female
vulnerability to metabolic disruption suggests that women might benefit from better mitigation
of evening light exposure. This aligns with epidemiological evidence suggesting stronger
associations between shift work and metabolic disorders in women compared to men (Sun et

al., 2018).
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5.5. Future Directions

Our findings open several promising avenues for future research that would extend and

complement the work presented in this thesis:

Energy Balance and Metabolic Regulation. Despite the lack of significant weight gain
differences under DLE, investigating food consumption patterns would provide valuable
insights into potential temporal reorganization of feeding behavior. While overall caloric intake
might remain unchanged, alterations in the timing of food consumption could affect metabolic
health through misalignment with metabolic oscillators. Complementing this with indirect
calorimetry measurements would reveal whether DLE alters substrate utilization (carbohydrate
vs. fat oxidation) or energy expenditure patterns across the 24-hour cycle. Moreover, examining
the interaction between DLE and high-fat diet could provide an insightful model to investigate

metabolic vulnerability.

Cardiovascular Function. Metabolic and cardiac dysfunction have often been associated
under altered light exposure (West et al., 2017). Examining the effects of DLE on
cardiovascular parameters would provide complementary insights into the regulation of
peripheral clocks. We expect that the delay in activity and temperature rhythms we observed

may extend to cardiovascular parameters.

Affective Responses. While we assessed stress responses and anxiety behaviors, expanding the
behavioral phenotyping to include depression phenotypes using tests such as forced swim, tail
suspension, or sucrose preference would provide a comprehensive understanding of how DLE
affects mood regulation. The use of more refined tests, such as affective bias, would also be

informational (Hinchcliffe & Robinson, 2024).

Disease models. Another interesting future direction would be to examine the DLE effects in
mouse models of neuropsychiatric disorders where circadian disruption is already implicated,

such as depression, anxiety, and schizophrenia (Jagannath et al., 2013). While our findings
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suggest that healthy mice maintain robust rhythms despite temporal reorganization under DLE,
animals with pre-existing circadian vulnerabilities might show more pronounced adverse
consequences. Using DLE exposure in these models could reveal threshold effects where
seemingly mild circadian challenges become significantly disruptive in the context of disease

models.

Molecular Clock Mechanisms. Examining changes in clock gene expression (Peri/2, Cryl/2,
Clock, Bmall) in both the SCN and peripheral tissues would help connect our observed
physiological and behavioral changes to underlying molecular mechanisms. Tissue-specific
alterations in clock gene rhythms could explain the sex-specific metabolic vulnerabilities we

observed and identify potential intervention targets.

Circadian Plasticity and Adaptability. Investigating how DLE affects responses to additional
circadian challenges, such as phase-shifting light pulses or simulated jet lag, would be
particularly relevant to modern lifestyles. Individuals in artificially lit environments often face
additional circadian challenges like travel across time zones or irregular work schedules.
Understanding how DLE impacts circadian plasticity could inform strategies for managing

multiple sources of circadian disruption.

Spectral Manipulation. Building on our finding that blue-blocking filters were effective only
at lower light intensities, investigating whether more comprehensive spectral modulation
(beyond just wavelengths < 500 nm) could provide greater protection against DLE effects at
standard light intensities. Selective filtering of multiple wavelength bands or modulation of the
spectral power might more effectively reduce circadian-disrupting potential while maintaining

visual function (Souman et al., 2018).

Recovery. Examining the time course of recovery during re-exposure to LD conditions
following chronic DLE exposure would provide insights into the persistence of effects and

potential long-term consequences of chronic exposure.
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These future directions would collectively provide a more comprehensive understanding of
how evening light exposure affects physiology and behavior, as well as the associated
mechanisms, ultimately informing more effective strategies for managing light exposure in

modern environments.

5.6. Conclusion

This thesis provides the first characterization of the consequences of chronic DLE exposure,
the mechanisms mediating these effects, and potential strategies for mitigation in mice. Our
findings demonstrate that even modest evening light exposure can significantly delay circadian
phase through direct photic entrainment pathways involving multiple photoreceptor classes.
While the circadian system maintains internal temporal coherence under DLE conditions,
downstream physiological processes, particularly metabolic parameters in females, show
vulnerability to disruption. Our intervention studies reveal complex interactions between light
intensity and spectral composition in mediating circadian responses, with implications for
designing more effective strategies to manage evening light exposure in modern environments.
Collectively, this work enhances our understanding of how artificial lighting affects circadian
biology and provides a foundation for developing evidence-based recommendations to support

circadian health in settings where evening light exposure is unavoidable.
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6. Appendix: Evaluation of the Digital Ventilated Cage System for

Circadian Phenotyping

The experiments presented in the main body of this thesis relied on robust and reliable methods
for measuring circadian rhythms in mice. Throughout Chapters 2-4, PIR sensors were used to
continuously monitor locomotor activity as a behavioral output of the circadian system under
various lighting conditions. While conducting this research, I also evaluated alternative
methodologies for circadian phenotyping, including the Digital Ventilated Cage (DVC) system,
which presented potential advantages for high-throughput circadian studies. This appendix
presents the validation of the DVC system for circadian phenotyping, demonstrating its
effectiveness in detecting the same circadian parameters used throughout this thesis, and
highlighting its limitations. This chapter has been published as a scientific article (Tir et al.,

2025)".

6.1. Introduction

In healthy subjects, consolidated, robust, and stable rhythms are observed. However, circadian
rhythms can become misaligned or disrupted with respect to the external LD cycle under
conditions that include disease and abnormal exposure to light. Such disruption can be
characterized by disturbances in the timing, amplitude, or synchronization of these rhythms,
and has been identified as a common comorbidity in various health conditions, including mood
disorders and cardiovascular diseases (Brown et al., 2019; Crnko et al., 2019; LeGates et al.,
2014; West & Bechtold, 2015). Studying the mechanisms underlying circadian rhythms and
their disruption is therefore crucial for understanding disease pathophysiology and for the

development of targeted therapeutic interventions.

! The content of this chapter was previously published in Tir, S., Foster, R. G., & Peirson, S. N. (2025).
Evaluation of the Digital Ventilated Cage® system for circadian phenotyping. Scientific Reports, 15(1),
3674. https://doi.org/10.1038/s41598-025-87530-6 . I produced the material and received permission
from my co-authors to include it in my thesis.
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The effects of light on the circadian system are complex, contingent upon multiple factors
including the intensity, wavelength, duration, and timing of light exposure. Furthermore, light
history and age can modify circadian responses to light (Foster, 2021; Peirson et al., 2018; Tir
et al., 2022). As a result, different lighting conditions can be used to identify the distinct
components contributing to circadian entrainment. Standard LD cycles are typically used to
assess the phase of entrainment, period, activity bouts, and the robustness of behavioral
rhythms, and provide a baseline for the study of circadian rhythms in response to different
environmental conditions. The assessment of circadian rhythmicity can only be determined in
the absence of zeitgebers. Constant darkness allows for the measurement of free-running
periods and is particularly useful in identifying clock mutants, where the endogenous circadian
period may be longer or shorter than normal, or even arrhythmic. Conversely, constant light
(LL) leads to period lengthening in a dose-dependent manner, and can even induce
arrhythmicity. As such, LL conditions provide valuable insights into the sensitivity of the
central pacemaker to light of different intensities and wavelengths (Lall et al., 2010). A LP
administered during the subjective night can shift the circadian clock, with the magnitude and
direction of the subsequent phase shift dictated by the intensity and timing of the light exposure.
A LP administered at the beginning of the night will induce a phase delay, while a LP at the
end of the night will prompt a phase advance of activity onsets (Pittendrigh, 1981). Phase
shifting responses to light played an important role in the identification of the melanopsin-based
pRGCs, particularly via action spectroscopy methods employing different wavelengths and
intensities of light (Foster et al., 2007a; Lucas et al., 2001; Peirson et al., 2005). Another
approach to studying phase shifting and responses to circadian challenges, is the use of abrupt
shifts of the LD cycle, or “jet lag” protocols. In addition, an animal may appear to entrain to a
LD cycle, while activity may simply be suppressed during the light phase of the LD cycle
(negative masking) (Aschoff, 1960; Mrosovsky, 1999). For example, Cryl”/Cry2”- dKO mice
appear to display normal activity under LD conditions, but become arrhythmic under DD, as

they lack a functional clock (Horst et al., 1999). Understanding circadian rhythms in mice
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therefore requires the study of behavior under a range of lighting conditions, to determine how

animals respond under entrained, free-running and shifted LD cycles.

Screening circadian behavior is not straightforward and requires a comprehensive assessment
of an animal’s locomotor activity as a behavioral output of the underlying clock mechanisms.
This approach requires a detailed phenotyping screen to define any underlying disruptions to
the clock (Albrecht & Foster, 2002; Hughes et al., 2015; Jud et al., 2005). Typically, this
involves the study of home cage activity under specific lighting conditions, including LD
cycles, DD, and LL, as well as assessments of phase shifting responses (Eckel-Mahan &
Sassone-Corsi, 2015). Standard metrics are then computed to determine circadian period, as
well as measurements of circadian rhythm disruption, including measures of the fragmentation,
strength, regularity, and day-to-day stability of the rhythms under different lighting conditions
(Brown et al., 2019). Wheel-running behavior has historically been the most common
methodology for assessing circadian rhythms (Albrecht & Foster, 2002; Bains et al., 2018;
Banks & Nolan, 2011; Foster et al., 1991; Siepka & Takahashi, 2005). The pioneering studies
of Curt Richter showed that rodents have a natural tendency to engage with running wheels,
making it a convenient and efficient method for monitoring voluntary activity patterns over
extended periods (Geary, 2007). This method has a high signal to noise ratio, resulting from
minimal activity during the rest phase. This facilitates the identification of activity onsets and
circadian phase under LD, DD, and LL, or following a brief light exposure in DD (Jud et al.,
2005). Wheel-running behavior has been shown to be effective in identifying phenotypic
differences based on mouse strains and age (Banks et al., 2015; Kitanaka et al., 2012; Possidente
et al., 1995), as well as playing a critical role in the identification of mammalian clock mutants
(Vitaterna et al., 1994). However, studies have shown that the introduction of running wheels
can alter behavioral responses in rodents, including changes in food intake (Pendergast et al.,
2014), depression-like behavior (Solberg et al., 1999), and aggression (Gammie et al., 2003). It
can also affect other aspects of circadian or sleep physiology, notably strengthening circadian

rhythms in aging mice (Leise, 2013), improving circadian disruption (Power et al., 2010), and
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affecting sleep (Fisher et al., 2016; Vyazovskiy et al., 2006; Vyazovskiy & Tobler, 2012).
Moreover, wheel-running activity does not capture behaviors such as grooming, feeding,
anticipatory behavior preceding the dark phase, or other activity during the light phase. Finally,
sleep/wake behavior cannot be inferred using wheel-running. By contrast, mouse immobility

has been correlated with sleep bouts using video tracking and passive infrared based systems

(Brown et al., 2016; Fisher et al., 2012; Pack et al., 2007).

In recent years, home cage monitoring techniques have undergone substantial improvements,
driven primarily by welfare and behavioral research initiatives, facilitating continuous and non-
invasive monitoring of animal behavior, and often accompanied by real-time data analysis. In
addition to running wheels, these systems include PIR sensors, video tracking, radiofrequency
identification (RFID) systems, and capacitive sensors (Voikar & Gaburro, 2020). As a result,
researchers can choose the most appropriate monitoring method based upon their specific
research questions, experimental design, and laboratory constraints. Home cage activity
monitoring presents several challenges and limitations. Technical issues such as sensor
malfunction, data loss, and environmental disturbances can affect the reliability and
reproducibility of the results. By leveraging capacitive sensor technology and real-time data
analytics, the DVC system (Tecniplast SpA, Italy), presents a novel solution to these
challenges. The DVC system is based upon widely used individually ventilated cages (IVCs)
placed in a rack that continuously records home cage activity (Pernold et al., 2019). It comprises
capacitive sensor boards equipped with 12 equally spaced electrodes, which detect the presence
of animals based on changes in capacitance across electrodes. This provides an animal
locomotion index measuring cage level activity. Clear and red IVCs can be used to entrain
animals to the room light cycle, while black IVCs equipped with lighting systems (Leddy) can
provide individual LD cycles in every cage. As well as activity inside the cage, the DVC system
can record when cages are removed from the rack as well as information regarding
environmental room conditions outside the cage, enabling potential sources of disturbance to

be monitored. Data are available and stored in real-time on the cloud-based DVC Analytics
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platform, which also provides visualization and data analysis algorithms. The DVC system has
been used across various fields of mouse biomedical research. The animal locomotion index
was used to identify bouts of rest and physical activity in C57BL/6J mice (Pernold et al., 2023),
to analyze outcomes in a stroke mouse model (Shenk et al., 2020), and to characterize rest and
activity phenotypes in a mouse model of amyotrophic lateral sclerosis (Golini et al., 2020) and
myotonic dystrophy type 1 (Golini et al., 2023). The DVC system has also been employed to
investigate the effects of cage change (introduction of fresh bedding) (Pernold et al., 2019;
Ulthake et al., 2022) and the position of a cage in a rack on activity rhythms (Steel et al., 2022),
as well as the associations between activity and recovery from an Achilles tendon injury
(Faydaver et al., 2023). The spatial resolution of the DVC further allowed differences in home-
cage behavior preferences to be determined between three mouse strains (Fuochi et al., 2023).
However, despite its increasing use, to date, no studies have investigated whether the DVC

system is suitable for conducting detailed circadian experiments.

Here we present new data exploring the use of the DVC system for circadian phenotyping.
Mouse home cage activity was recorded under 12:12 LD, DD, and LL, as well as a 6-hour phase
advance, and DD following exposure to a LP to measure phase shifting responses. Key
circadian parameters and measures of circadian disruption were then determined under each
lighting condition. To define the effectiveness of the DVC system in detecting phenotypic
differences, mice lacking a functional circadian clock (Cryl”, Cry2”") were investigated under
12:12 LD and DD conditions. The DVC provides a novel approach to studying circadian
rhythms in mice under IVC husbandry conditions, and combined with black cages and LED
lighting can replicate the wide range of lighting conditions used in standard circadian

phenotyping screens.

6.2. Methods

Animals. All animals were single housed under a 12:12 LD cycle for a minimum of one week

prior to the start of experiments. Ad libitum access to food (Envigo 2916) and water was
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provided throughout. Wild-type C57BL/6J animals were purchased from Envigo, UK, while
Cryptochrome 1 and 2 dKO (CryI™, Cry2”") animals (Horst et al., 1999) were bred in-house on
a C57BL/6J background. This study is reported in accordance with the ARRIVE guidelines.
All animals were included and were between 3 and 4 months old at the beginning of the study.
Control and experimental groups were subjected to the same conditions at the same time to
reduce confounding variables. As such, no randomization or blinding was used. All
experimental procedures were carried out at the University of Oxford, UK, in accordance with
the University of Oxford Policy on the Use of Animals in Scientific Research and the United
Kingdom Animals (Scientific Procedures) Act 1986, under Project License PP0911346 and

Personal License 134186130.

Lighting and Housing Conditions. The DVC system (Tecniplast SpA, Italy) allows for the
continuous recording of home cage locomotor activity (Pernold et al., 2019). The system
comprises 60 or 80 IVCs of type GM500, made of clear, red or black polycarbonate, offering
options for both single and group housing (Fig. 6.1A). In this study, we utilized black IVCs,
which were equipped with individual cool white LED systems known as Leddy. The Leddy
lighting system facilitated the entrainment of animals to specific lighting cycles within each
cage, eliminating the need for light-tight chambers typically used in circadian and sleep
research. Light levels were kept at ~ 100 photopic lux at the center of the cage (Leddy light
intensity level 22), giving < 2 S-cone opic lux, 70 melanopic lux, 75 rhodopic lux and 78 M-

cone opic lux (Lucas et al., 2024) (Supp. Fig. 6.1; Supp. Table 6.1).

Home-cage Locomotor Activity Monitoring. Each [VC was positioned on a capacitive sensor
board featuring 12 evenly spaced electrodes (Fig. 6.1B). This sensor board detected the
presence of an animal by monitoring changes in capacitance across electrodes, primarily due to
the animal's physiological composition (70% water) and movement. Subsequently, an Animal
Locomotion Index (ALI) was calculated. This is based on the number of electrodes activated,

with 0% = no electrodes and 100% = all 12 electrodes simultaneously activated within the time
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bin (Fig. 6.1C). The DVC Analytics platform provided real-time access to the data for visual
inspection and download. The system's default minimum activity binning was set to 1 min,
although a resolution of 250 msec is possible. We performed daily welfare checks, with the

cages being taken out of the rack for animal inspection for less than 5 min.
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Figure 6.1. The DVC system and the Animal Locomotion Index. A. DVC rack equipped with
clear, red, and black cages. B. Capacitive sensor board. C. Animal locomotion index for one
WT C57BL/6]J mouse, binned by hour, visualized on the cloud-based DVC Analytics platform.
Timings of cage insertion and extraction for daily checks are also shown. Dark shading
indicates dark phases.

Circadian Phenotyping. A total of 12 WT mice (C57BL/6, 6 males, 6 females) were included
in the circadian screen. Home cage locomotor activity was recorded continuously for 10 weeks

under various lighting conditions, including 12:12 LD, DD, LL, LD following a 6-hour phase
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advance (jet-lag), and DD after exposure to a light pulse (LP) at ZT14-16 to measure phase
shifting responses. A cage change was performed after the first period of DD (day 29), and

before animals were re-entrained to a 12:12 LD cycle.

Clock-deficient mice. Cry/ o’ CryZ'/' dKO mice (N = 6, 3 males, 3 females, N = 6 C57BL/6J
controls) animals were used as a circadian clock deficient model. Cryptochrome-deficient mice
are characterized by the deletion of the core clock genes Cryptochrome 1 and 2 (Horst et al.,
1999). These mice have no circadian clock and exhibit arrhythmic behavior under constant
conditions. This animal model was employed to assess whether the DVC system could
effectively detect phenotypic differences based on locomotor activity, particularly under LD

and DD conditions (1 week each).

Statistical Analyses. Raw animal locomotion index data were exported from the DVC
Analytics platform in 1 min and 1 hour bins. Chi-square periodogram and activity onsets were
computed in ActogramJ (Schmid et al., 2011). A 30-min running average was applied in order
to account for missing values (daily checks) and to compute actograms. Inter-daily stability,
intra-daily variability and relative amplitude were coded in R based on the equations provided
in Witting et al. (1990). Light phase activity and total activity were calculated in R. One week
of data was used to compute the circadian disruption measures for each lighting condition. Due
to a user error, one female mouse is missing the final 17 h of activity recording during the DD
period. Statistical testing and plotting were conducted in Prism 10. One-way or two-way
repeated-measures ANOVA, with a Geisser-Greenhouse correction (for lack of sphericity) and
Holm-Sidak’s multiple comparisons test were computed. When comparing two groups,
unpaired nonparametric Mann-Whitney tests or Wilcoxon matched-pairs signed rank tests were
used, as the distribution of the data was not Gaussian. a = 0.05 was adopted in all analyses.

Mean = standard error of the mean (SEM) was used for all plots.
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6.3. Results

Circadian Screen. To assess the suitability of the DVC system for circadian phenotyping
studies, mice were singly housed in DVCs, and locomotor activity was monitored under LD,
DD, LL, a 6-hour phase advance, and DD following a LP. A representative double plotted
actogram is shown in Fig. 6.2 and illustrates entrainment to the various light-dark cycles, with
orange dots indicating activity onsets. Home cage locomotor activity rhythms in LD, DD and

LL, were further analyzed using standard measures of circadian disruption (Brown et al., 2019).

Time (hours)
0 6 12 18 24 30 36 42 48

14—

21+

28—

Days
L'.
b
B

35

42 - - "

49

56—

63

Figure 6.2. Measuring circadian rhythms with the DVC system. Representative double-plotted
actogram of locomotor activity for a WT C57BL/6] mouse using the DVC system. The
circadian screen included 1 week in 12:12 LD, 10 days in LD following a 6-hour advance, 10
days in DD, 2 weeks in LD to re-entrainment, 10 days in DD following a LP at ZT14-16, and
10 days in LL. Yellow shading indicates light phases, while orange dots depict activity onsets.
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Figure 6.3. Measures of circadian disruption for 12 WT C57BL/6J mice under 12:12 LD, DD
and LL. A. Chi-square periodogram analysis. B. Maximum Qp values (Lighting, F1.s65,17.22) =
4.507, p = 0.0340). C. Period of activity rthythms (Lighting, F1.121, 12.34) = 106.3, P < 0.0001)
D. Inter-daily stability (Lighting, F(1.437,1581) = 16.71, p = 0.0003). E. Intra-daily variability. F.
Distribution of the number and duration of activity bouts. G. Relative amplitude (Lighting,
F465,1612) = 4.942, p = 0.0295). Mean +/- SEM. Statistically significant multiple comparisons
are indicated by an asterisk.
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Periodogram Analysis. The Chi-square periodogram was employed to quantify the strength
and regularity of the activity rhythms (Fig. 6.3A), expressed through the Qp value (Refinetti,
2004). A significant effect of lighting condition on the periodogram power was observed
(Lighting, F(is6s,1722) = 4.507, p = 0.0340), with a higher Max Qp value under DD compared
to LL (mean diff = 1464, p = 0.0047; Fig. 6.3B), indicative of more robust rhythms in DD.
Activity patterns under entrained conditions are typically influenced by environmental cues.
Under a 24-hour LD cycle, C57BL/6J mice generally display a 24-hour period. However, in
DD, the endogenous circadian period is expressed, resulting in a free-running period of
approximately 23.5 hours (Valentinuzzi et al., 1997). By contrast, constant light suppresses
night-time activity, causing the period of activity to lengthen to more than 24 hours (Aschoff,
1952). Our results showed that the period statistically differed between lighting conditions
(Lighting, F1.121 1239 = 106.3, P < 0.0001), and aligned with the outlined patterns, revealing
mean periods of 23.9 hours (SEM = 0.04) under LD, 23.5 hours (SEM = 0.02) under DD, and

25.1 hours (SEM = 0.12) under LL, with higher variability under LL (Fig. 6.3C).

Inter-Daily Stability. Under a 12:12 LD cycle, high inter-daily stability values are expected
due to the presence of consistent time cues. Under DD, and in the absence of such cues, inter-
daily stability is expected to decrease slightly. Under LL, constant light weakens the circadian
clock in the SCN, leading to reduced day-to-day reproducibility. Here, inter-daily stability
values decreased accordingly from LD, to DD and LL (Lighting, F(1.437, 1581) = 16.71, p =

0.0003; Fig. 6.3D).

Intra-Daily Variability. Our data showed that activity rhythms remained consolidated, with
no significant differences in intra-daily variability between lighting conditions (Lighting, £/ s9s,

17.58) = 0.7966, p = 0.4404; Fig. 6.3E).

Activity Bouts. The overall number and distribution of activity bouts did not statistically differ
between lighting conditions (Lighting x Bout length, F(14,231) = 0.8822, p = 0.5789; Fig. 6.3F).

This suggests that the structure of activity patterns was consistent across conditions.
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Relative Amplitude. Relative amplitude is determined by the difference between the period of
maximum and minimum activity levels over the 24-hour cycle. It serves as a simple measure
of the contrast between periods of high activity and rest. In the absence of external cues, such
as DD, the strength of activity rhythms often declines, leading to a decrease in relative
amplitude. This decrease tends to be even more pronounced under LL, where light during the
subjective night suppresses mouse activity. Consistent with these patterns, here, the relative
amplitude varied between lighting conditions (Lighting, F1 465, 16.12) = 4.942, p = 0.0295), with

a decrease in both DD and LL conditions when compared to LD (Fig. 6.3G).

Jet Lag. We subjected animals to a 6-hour phase advance of the LD cycle and recorded the
duration required for them to re-entrain to the new LD cycle. Results showed that it required 6
days for animals to successfully re-entrain to the LD cycle, suggesting that one day of

adjustment is required per hour of phase shift (Fig. 6.4A).
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Figure 6.4. Phase shifting responses for 12 WT C57BL/6J mice. A. Animals required about 6
days to re-entrain to the LD cycle following a 6-hour phase advance, as illustrated by the shift
in activity onset. B. Animals’ activity onsets were delayed by 1.3 hours in constant darkness
following exposure to a light pulse at ZT14-16 (Wilcoxon matched-pairs signed rank test, Day
-1 vs Day 4, z =-1.375, p = 0.0005). Mean +/- SEM.

Phase Shifting Responses. Additionally, we investigated whether a LP administered at the
beginning of the night (ZT14-16) could shift the phase of activity (Jud et al., 2005). When

comparing the activity onset of animals one day before the LP (Day -1) and four days after
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(Day 4), we observed a delay of about 1.3 hours, confirming a shift in the phase of activity
consistent with an Aschoff type II protocol (Wilcoxon matched-pairs signed rank test, z = -

1.375, p = 0.0005; Fig. 6.4B).

Sex differences. Sex differences can manifest in various aspects, including the timing and
amplitude of activity patterns, sleep/wake cycles, and responses to environmental cues (Joye &
Evans, 2022). Subtle differences between the activity profiles of male and female mice were
observed using the DVC system (Supp. Fig. 6.2). We found a significant main effect of Sex on
IV (Fu,100=14.52, p = 0.0034), and total activity (F(1, 10)= 14.85, p = 0.0032). Overall, females
demonstrated more consolidated rhythms and greater activity levels compared to males.
Furthermore, a significant Lighting x Sex interaction was found for both period (F(2, 20 = 3.982,
p = 0.0350), and RA (F(2,20) = 4.953, p = 0.0179). Females displayed a shorter period (Mean
Diff = -0.095) and higher amplitude (Mean Diff = 0.018) under LD, a longer period (Mean Diff
= (0.055) and higher amplitude (Mean Diff = 0.006) under DD, and a longer period (Mean Diff
= (0.445) and lower amplitude (Mean Diff = - 0.045) under LL. The number and distribution of
activity bouts differed between sexes under LD (Bout length x Sex, F(7,70)=4.091, p = 0.0008),
and LL (Bout length x Sex, F(7,70) = 5.040, p = 0.0001), but not under DD (Bout length x Sex,
Fa,700=1.451, p = 0.1991). Under LD and LL, females showed more long bouts of activity.
Females also exhibited a greater delay in activity onset in the days following a LP (Sex, F(i, 10
=15.47, p = 0.0028), but did not show significant differences in re-entrainment following a 6-
hour jet lag (Sex, F(, 100 = 0.5986, p = 0.4570; Supp. Fig. 6.3). Together, these findings
highlight the importance of considering both male and female animals in circadian phenotyping

studies.

Clock-deficient mice. In the mammalian circadian clock, CRY'1 and CRY2 proteins inhibit the
activation of the CLOCK-BMALL transcription complex, thereby regulating the expression of
clock-controlled genes and ultimately controlling the timing of physiological processes and

behaviors (Patton & Hastings, 2023). Deletion of both Cryl and Cry2 results in arrhythmic
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behavior under constant conditions such as DD (Horst et al., 1999). Cryptochrome-deficient
mice have also been characterized by abnormalities in cognition and habituation behavior, and
increases in immobility, restlessness and anxiety-like behavior (De Bundel et al., 2013; Hiithne
et al., 2020). Here, we investigate whether home cage activity monitoring using the DVC

system could detect arrhythmic mouse models.
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Figure 6.5. Representative double-plotted actogram of locomotor activity for a WT C57BL/6J
(WT) and a Cryptochrome-deficient (Cryl™”, Cry2”, labelled CRY dKO) mouse using the DVC
system. Animals were exposed to one week of 12:12 LD cycle and 10 days of DD. Yellow
shading indicates light phases, while blue and orange lines depict activity onsets.
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Representative actograms of cryptochrome-deficient mice show apparently normal nocturnal
activity under LD conditions, but arrhythmic activity under DD in comparison with free-
running activity in C57BL/6J WT mice (Fig. 6.5). Chi-square periodogram analysis indicated
no significant difference in the period of activity rhythms between WT and Cryptochrome-
deficient animals under 12:12 LD cycles (M = 23.99, SEM = 0.009, and M = 24.06, SEM =
0.078, respectively; Fig. 6.6A). However, Cryptochrome-deficient animals displayed lower
Max Qp values (Genotype, F(, 100 = 19.31, p = 0.0013; Fig. 6.6B), carlier activity onsets
(Genotype, F1,10) = 259.4, P < 0.0001; Fig. 6.6C), more light-phase activity (Mann-Whitney,
U =0, p =0.0022, Fig. 6.6D), and a higher frequency of short bouts of activity compared to
WT mice (Genotype x Bout length, F(7,70)=4.211, p = 0.0006; 1 min bout, mean diff =-135.3,
P <0.0001; Fig. 6.6E). This suggests that Cryptochrome-deficient animals exhibited less robust
and more fragmented rhythms under LD, with increased daytime activity. Under DD,
Cryptochrome-deficient mice showed a lack of rthythmicity, as anticipated for animals lacking
a functional endogenous clock in the absence of zeitgebers (Fig. 6.5). Periodogram analysis
identified a high variance in their circadian period and lower Max Qp values (Genotype, F(1, 10
= 19.31, p = 0.0013; Fig. 6.6B). However, there was no statistical difference between the
distribution of their activity bouts compared to WT animals (Genotype x Bout length, F(7,70) =
0.1472, p = 0.9938; Fig. 6.6F). Furthermore, standard measures of circadian disruption
highlighted lower IS (Genotype, F(1, 10) = 38.95, P < 0.0001; Fig. 6.6G), higher IV (Genotype,
Fu, 10 =6.571, p = 0.0282; Fig. 6.6H), and lower RA values (Genotype, F(1, 10) = 122.6, P <
0.0001; Fig. 6.61) in Cryptochrome-deficient mice compared to WTs under both LD and DD
conditions. These findings suggest less reproducible day-to-day rhythms, increased
fragmentation, and weaker amplitude in animals lacking a circadian clock. Although
Cryptochrome-deficient animals appeared less active overall, the statistical tests did not reach
significance, which is likely due to the WT’s high variance (Genotype, F(i, 10) = 3.969, p =
0.0743; Fig. 6.6J). Additionally, sex differences were found for period (Sex, F1,4=25.88,p =

0.0070) and Max Qp values (Sex, F(1, 4= 12.64, p = 0.0237), but no statistically significant
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differences were observed for circadian disruption measures between male and female

cryptochrome-deficient mice (Supp. Fig. 6.4).
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Figure 6.6. Measures of circadian disruption for 6 WT C57BL/6J (WT) and 6 Cryptochrome-
deficient (CRY dKO) mice under 12:12 LD and DD. A. Period of activity rhythms. B.
Maximum Qp values (Genotype, F, 100 = 19.31, p = 0.0013). C. Activity onsets in LD. D.
Proportion of light phase activity in LD. E. Distribution of the number and duration of activity
bouts in LD (Bout length x Genotype, F(7,70)=4.211, p =0.0006). F. Distribution of the number
and duration of activity bouts in DD. G. Inter-daily stability (Genotype, F, 10 = 38.95, p <
0.0001). H. Intra-daily variability (Genotype, F(1,100= 6.571, p = 0.0282). I. Relative Amplitude
(Genotype, F,10 = 122.6, p <0.0001). J. Total activity per day (Genotype, F1,10)=3.969, p =
0.0743). Mean +/- SEM. Statistically significant multiple comparisons are indicated by an
asterisk.
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6. 4. Discussion

Here we show the feasibility of conducting a comprehensive circadian screen within standard
IVCs using the DVC system in combination with black cages with in-built cage lighting. Using
well-established circadian parameters commonly employed in circadian phenotyping studies,
we observed the repertoire of circadian phenotypes typically measured with standard
monitoring techniques. Our results showed that mice housed within the DVC system exhibited
a circadian period close to 24 hours when subjected to a 12:12 LD cycle. Mice further
demonstrated a free-running period of about 23.5 hours under DD, and a period lengthening
under LL, indicative of a robust circadian clock under DD and weaker rhythms under LL.
Consistent with previous studies, mice effectively responded to phase shifts induced by
interventions such as jet-lag or light pulses. Animals took 6 days to re-entrain to a 6-hour phase
advance of the LD cycle, which indicates a rate of 1 day per hour shifted. Following a 2-hour
LP at the beginning of the subjective night (ZT 14-16), mice delayed their circadian phase by

approximately 1 hour under subsequent DD.

Sex differences in period, amplitude and the stability of rhythms, as well as phase shifting
responses, were also observed. Female reproductive cycles can change both activity levels and
phase, with an increased activity in proestrus/estrus, which can lead to a distinctive “scalloping”
pattern of activity across the days of the estrous cycle in hamsters. However, results on these
estrous effects are more varied in mice, potentially reflecting strain, diet, housing conditions
and methods of activity monitoring. Here we show subtle sex-dependent differences in home
cage activity, with higher activity in females consistent with previous studies (Joye & Evans,
2022). However, as our study primarily focused on responses to changing light conditions, we
did not maintain mice under consistent lighting for extended periods nor perform estrous
cytology. Future studies are thus needed to relate patterns of home cage locomotor activity to

the estrous cycle using the DVC system.
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Additionally, the DVC system successfully detected arrhythmic mutants and their expected
phenotypic differences. Our results showed that under LD conditions, Cryptochrome-deficient
mice exhibited no differences in period compared to WT controls, yet they displayed increased
activity during the light phase and earlier activity onsets. Under DD, cryptochrome-deficient
animals were arrhythmic, as expected for mice lacking a functional circadian clock. An
important issue when adopting a different approach to circadian activity monitoring is its
performance against other methods, such as running wheels, particularly when comparing its
ability to detect differences between experimental groups. For mutagenesis screens, published
data from C57BL/6J mice fau are 23.69 h £ 0.06 (Nolan et al., 1997), and 23.7 h £ 0.17
(Takahashi et al., 2008), which is comparable to that observed here in the DVC (23.50 h *
0.07). This suggests that it should be possible to reliably detect phenodeviants in forward
genetic screens (typically defined as 3 standard deviations from the mean). Where comparisons
are made between two groups (e.g. WT vs KO), power calculations based on a = 0.05 and
power (1-B) = 0.80, show that detecting an effect size (Cohen’s d) of 2 requires 6 animals per
group. For the DVC data, this would translate to detecting a 0.13 h difference in tau between
groups with N = 6 per group. This is again comparable to running wheels and sufficient to

detect most transgenic lines with all but the most subtle circadian phenotypes.

Collectively, these findings show that the DVC system provides a versatile tool for quantifying
circadian disruption, investigating clock gene mutants, and facilitating comprehensive
circadian phenotyping. Moreover, this is, to our knowledge, the first example of a

comprehensive circadian screen conducted using IVCs.

As with any home cage activity monitoring system, the DVC possesses both strengths and

limitations that potential users should consider (Table 6.1). These are detailed below.
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Table 6.1. Strengths and limitations of the DVC and Leddy systems for circadian rhythm

studies.
Strengths Limitations
High-capacity monitoring Daily observation logistics
Individual light-dark cycle control Leddy battery system
Enhanced biosecurity Leddy configuration
Environmental enrichment compatibility Absence of light sensor
Environmental monitoring Additional analytics
Wheel-running integration Cost
Real-time data accessibility Research flexibility

1)

2)

3)

6.4.1. Strengths

High-capacity monitoring. An advantage of the DVC system is its high capacity, allowing
for the simultaneous monitoring of up to 80 individual cages. Circadian rhythm studies
often utilize light-tight chambers or “coffins”, which typically house between 6-10 animals
per chamber. The DVC system offers a space-efficient alternative, as one 80 cage DVC
rack occupies the space equivalent of a stack of four typical chambers, which would hold
between 24-40 cages (2 — 3 times stocking density). By maximizing laboratory space
utilization, the DVC system is an advantageous solution for institutions with limited animal

facility space.

Individual LD cycle control. Each cage in the DVC system can be programmed to operate
under its own light-dark cycle. The Leddy lighting system allows for adjustable light
intensity, duration, dawn-dusk transitions and non-24 h LD cycles, simulating a wide range
of lighting conditions. This provides researchers with a high level of experimental

flexibility and customization.

Enhanced biosecurity. The use of IVCs can also help prevent the spread of animal

pathogens and reduce staff exposure to laboratory animal allergens, as opposed to open-top
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4)

5)

6)

7)

cages. These are key factors in the widespread adoption of IVCs in laboratory animal

husbandry.

Environmental enrichment compatibility. The incorporation of environmental
enrichment, such as nesting materials and tubes, does not limit the detection of animal
movement by the DVC system, unlike other methods such as PIR recordings and video

tracking where the animal must be in view throughout.

Environmental monitoring. The DVC system can also provide alerts for cage
disturbances such as low food or water, water bottle leaks and soiled bedding conditions,
as well as deviations from normal activity patterns. This ensures the reliability and accuracy
of experimental data by promptly identifying potential disruptions as well as providing a
useful welfare check for researcher and animal care staff. The DVC also timestamps any
cage removal and replacement in the rack. For example, this can be used to correlate daily
welfare checks and other non-photic cues with small sudden changes in behavior.
Additionally, the Rack Environmental Monitoring device can monitor environmental
parameters outside the rack such as temperature, humidity, noise, light, vibration and
human presence. This also enables users to receive alerts and correlate these parameters to
activity metrics to determine how facility disturbances may affect data. This environmental
monitoring may benefit the reproducibility of circadian and behavioral studies by enabling

detection of changes in the environment that may influence animal behavior.

Wheel-running integration. Running wheels can be integrated into the DVCs, providing
additional opportunities for the monitoring of voluntary activity and exercise behavior in a

manner comparable with the majority of published circadian studies.

Real-time data accessibility. The DVC system provides researchers with access to real-
time data through its cloud-based DVC Analytics platform. This feature allows for
continuous monitoring of animal behavior from any location, facilitating timely
intervention, data analysis and storage. The platform offers a range of parameters for data

inspection and visualization, including single actograms. The DVC system measures home
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cage locomotor activity, distance, and velocity, as well as variables relevant to circadian
rhythm studies, such as environmental disturbances and alerts for potential behavioral
impacts. This comprehensive data collection may enable researchers to gain insights into
the complex interplay between circadian rhythms and laboratory environmental factors.
Critically, real-time analytics enable researchers and technicians to respond to changes in

activity patterns, for example if animals are sick.

Despite its strengths, the current format of the DVC system does have several potential

limitations that circadian researchers should be aware of.

1)

2)

6.4.2. Limitations

Daily observation logistics. The benefits of using black cages as independent light-tight
chambers must be weighed against practical considerations of their use. Black cages require
specific protocols for daily animal checks, similar to light-tight chambers, where cages
must be opened at appropriate phases of the LD cycle. When room lights match the cages’
light cycles, checks can be performed during the light phase. Similarly, if cages are under
constant darkness, they can be observed when the room is in darkness using dim red light
or infrared goggles. If the room lights and the cages' light cycles cannot be aligned, cages
must be removed from the rack and observed in a different room to avoid light exposure.
Where complex lighting schedules are required or multiple users require different lighting
schedules, this may be a logistical challenge to manage. Researchers should be aware of

these limitations when considering using the DVC system.

Leddy battery power. One drawback of the Leddy lighting system is its requirement to be
removed from the cage for charging. The air-tight sealed cages prevent the use of cables
and the system cannot operate while charging. This necessitates additional Leddy systems
to be switched in to maintain experimental conditions. Under a 12:12 LD cycle at ~ 100

lux, a Leddy battery can last up to three weeks. However, the non-linear battery life
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3)

4)

5)

6)

necessitates regular checks and maintenance, which may pose an additional logistical

challenge for researchers.

Leddy configuration. The Leddy lighting system is unable to accommodate complex LD
cycles. Its configuration allows for changes between light and dark phases, including dim
light ramps, but not consecutive periods of light at different intensities, such as DLE.
Moreover, the system only provides cool white LEDs, precluding any adjustments to the
light spectrum. Incorporating additional lighting components, such as red LEDs for welfare
checks or violet LEDs to help simulate daylight, would further enhance its versatility and

functionality (Lucas et al., 2024).

Absence of light sensor. Individual light sensors are not present within each cage,
necessitating careful monitoring to ensure data accuracy and consistency of lighting

schedules.

Additional analytics. The inclusion of double plotted actograms and standard measures of
circadian disruptions within the DVC Analytics platform would enhance its utility for
circadian researchers. This would allow comprehensive data analysis and interpretation on
a single platform. For example, periodogram analysis and activity onset detection, as well
as key metrics of circadian disruption such as IS, IV and RA would be particularly

beneficial.

Cost. The initial investment needed to deploy the DVC and Leddy lighting systems
represents a substantial capital investment, with additional expenses incurred for ongoing
analytics. Consequently, this approach may be better suited for core research facilities that
accommodate multiple research groups rather than individual labs. Increasing interest from
labs working on mouse behavior may also facilitate such integration within core facilities.
Whilst costs are decreasing with increasing uptake, users should be aware of overheads

associated with this technology.
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7) Research flexibility. The standard [VC cage format may not be suitable for researchers
requiring greater flexibility in their experimental design. For example, researchers using
non-standard caging, complex lighting systems, cameras/sensors, telemetry, tethered

recordings, or in-cage behavioral measurements may preclude the use of an IVC.

As can be seen from the above, the DVC system offers many advantages, including high-
capacity monitoring, individual LD cycle control, enhanced biosecurity, environmental
monitoring features, high resolution, real-time accessibility and user-friendly online analytics.
However, new users should consider potential limitations, such as the absence of light sensors
and the charging logistics of the Leddy system, that may affect its performance in circadian
rhythm studies. Additionally, research flexibility may be key. The DVC system might not work
for researchers aiming to perform complex light cycle manipulations or specific types of studies

where an IVC format is unsuitable.

6. 5. Conclusion

Here we show that the DVC system provides an alternative tool for circadian phenotyping,
providing an opportunity to conduct such assessments in [VC cages. The storage and real-time
availability of the data on the cloud-based DVC analytics platform facilitates data analysis, as
well as ongoing experimental monitoring and interventions, providing an advantage over
existing systems. However, researchers should be aware of the current limitations particularly
with regard to cost and research flexibility, which may influence the adoption of an IVC based
system. In this regard, the DVC system may be more suited for central phenotyping facilities

rather than individual circadian labs.
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6. 5. Supplemental Material
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Supplemental Figure 6.1. Black DVC cage and Leddy lighting system. A. Closed view and
B. Open view of a black DVC cage equipped with a Leddy lighting system. C. Spectral power
distribution of the Leddy at light intensity level 22.
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Supplemental Table 6.1. Spectral power distribution of the Leddy lighting system at light
intensity level 22.

nm uW.cms! nm  pW.emls!

300 0 545 0.707907428
305 0 550 0.718842202
310 0 555 0.722735247
315 0 560 0.725142483
320 0 565 0.727482315
325 0 570 0.73192321

330 0 575 0.737395487
335 0 580 0.743373588
340 0 585 0.750512991
345 0 590 0.756208319
350 0 595 0.761354284
355 0 600 0.763915072
360 0 605 0.763767282
365 0 610 0.757710251
370 0 615 0.746227219
375 0 620 0.729391235
380 0 625 0.707889267
385 0 630 0.679822289

390 0.032529912 | 635 0.642123981
395 0.033849468 | 640  0.601247593
400 0.034693374 | 645 0.554548111
405 0.033590906 | 650  0.508052821
410 0.033575219 | 655 0.471222214
415 0.035761695 660  0.442100136
420 0.043843236 | 665 0.412491179
425 0.069125606 | 670  0.379144738
430 0.136052666 | 675 0.345627195
435 0.241369271 680  0.310587784
440 0.373673509 | 685 0.275717379
445 0.520506524 | 690  0.241339905
450 0.656460295 695 0.209853461
455 0.752857712 | 700  0.179711496
460 0.80319366 705 0.152475128
465 0.807369011 710 0.133126363
470 0.757781439 | 715 0.11938742
475 0.6797518 720  0.106866188
480 0.596800237 | 725 0.099167912
485 0.537800661 730 0.08790518
490 0.505381555 735 0.079725687
495 0.497358909 | 740  0.07128311
500 0.499728078 | 745 0.06588531
505 0.538099965 750  0.053602231
510 0.572088873 755 0.052955424
515 0.598159677 | 760  0.043976372
520 0.617308833 765 0

525 0.633836375 770 0

530 0.652874762 | 775 0

535 0.672169495 780 0

540 0.691301073
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Supplemental Figure 6.2. Disaggregation of circadian disruption measures by sex for 6 male
and 6 female WT C57BL/6J mice under 12:12 Light-Dark (LD), constant darkness (DD) and
constant light (LL). A. Period of activity rhythms (Sex, F(, 10 = 4.313, p = 0.0645). B.
Maximum Qp values (Sex, F, 10 = 4.033, p = 0.0724). C. Distribution of the number and
duration of activity bouts in LD (Bout length x Sex, F(7,70) = 4.091, p = 0.0008). D. Inter-daily
stability. E. Intra-daily variability (Sex, F, 10) = 14.52, p = 0.0034). F. Distribution of the
number and duration of activity bouts in DD. G. Relative Amplitude. H. Total activity per day
(Sex, F1,10) = 14.85, p = 0.0032). L. Distribution of the number and duration of activity bouts
in LL (Bout length x Sex, F(7,70) = 5.040, p = 0.0001). Mean +/- SEM. Statistically significant
multiple comparisons are indicated by an asterisk.
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Supplemental Figure 6.3. Disaggregation of phase shifting responses by sex for 6 male and 6
female WT C57BL/6J mice. A. Both sexes required about 6 days to re-entrain to the Light-
Dark (LD) cycle following a 6-hour phase advance, as illustrated by the shift in activity onset.
B. Females exhibited a greater delay in activity onset by about 2 fold in constant darkness (DD)
following exposure to a light pulse at ZT14-16, as compared to males (Sex, F1, 10 = 15.47, p =
0.0028). Mean +/- SEM.
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Supplemental Figure 6.4. Disaggregation of circadian disruption measures by sex for 3 male
and 3 female Cryptochrome-deficient mice under 12:12 Light-Dark (LD) and constant darkness
(DD). A. Period of activity rhythms. B. Maximum Qp values (Sex, F(1,4 = 12.64, p = 0.0237).
C. Total activity per day. D. Inter-daily Stability. E. Intra-daily Variability. F. Relative
Amplitude. Mean +/- SEM.
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