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The mammalian circadian system is regulated by an internal oscillator that has evolved 

to keep time in a very predictable rhythmic environment, and is generally considered not flexible 

enough to adjust to rapidly changing sleep schedules in shiftworkers. This inability to quickly 

adjust leads to circadian disruption, which is associated with increased risk for chronic disease. 

Increasing the flexibility of the circadian system could enhance adaptation to irregular cycles, 

and thereby alleviate negative consequences. This dissertation examines a mouse model for 

enhanced circadian entrainment, its mechanisms, and its utility for human shiftworkers. 
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Chapter 2 describes that with the addition of dim night time illumination, mice can 

behaviorally adapt to 18 hour days (T18). T18 entrainment is remarkable and unprecedented in 

any mammalian system, which typically can only entrain to a narrow range of day-lengths (i.e 

22-26 hours). Chapter 3 expands the characterization of this state of enhanced circadian 

plasticity by describing oscillator characteristics. After demonstrating the lack of circadian 

oscillator-typical behavior in T18, we conclude that control of behavior in this condition must not 

derive from entrainment of a conventional circadian oscillator as explained by classical 

entrainment theories. In Chapter 4, clock gene expression rhythms in the suprachiasmatic 

nucleus -- a small area in the hypothalamus that orchestrates rhythms in mammals -- and liver 

and kidney further support the hypothesis that canonical circadian drivers are not involved in 

control of behavior in T18. While behavior displays 18 hours rhythms, clock gene expression is 

24 hours in all tissues. Lastly, Chapter 5 demonstrates that the temporal organization of control 

of female reproductive function is altered in T18, without any negative impact on reproductive 

efficacy.    

Together, this work demonstrates that the rodent circadian system can be markedly 

more flexible than traditional circadian entrainment theory predicts, but that this flexibility might 

rely on mechanisms that do not fit with the classical understanding of entrainment systems. 

Flexible entrainment has translational potential for human shiftworkers to adapt to irregular and 

sometimes unpredictable work schedules; and does not lead to negative health consequences 

seen in other non-24h paradigms. 
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Chapter 1. General Introduction 

Every organism on our planet has evolved to live in a world that rotates around its axis 

every 24 hours and revolves around the sun every year. As a result, many species have 

evolved biological clocks that regulate behavior and physiology to anticipate predictable 

rhythmic changes in the environment. For example, sleep-wake cycles, metabolism, alertness, 

and body temperature all show daily rhythms that help conserve energy, reduce predation risk, 

or optimize fitness (Mohawk et al. 2012). Our modern 24-hour society, however, exposes the 

circadian system to an environment it did not evolve to operate in. Working night shifts, 

especially, exposes the circadian system to irregular sleep-wake cycles that it was long believed 

to be incapable of adjusting to. This type of circadian disruption has been associated with 

impairments in physical and mental health (Evans and Davidson 2013; Moreno et al. 2019). A 

more flexible internal clock could potentially aid shiftworkers in adjusting to their work schedules 

and thereby alleviate these negative consequences. Limited work so far, however, has focused 

on circadian flexibility. My work combines novel techniques that markedly enhance circadian 

plasticity with rodent models of negative consequences associated with shiftwork. It offers 

significant insights on the mechanistic basis of flexible adaptation and its potential translational 

application. 

In mammals, the circadian system is hierarchical with rhythms at all levels of the 

biological system from cellular to organismal (Reppert and Weaver 2002). Each cell has an 

intrinsic circadian rhythm generated by the transcription-translation feedback loop (TTFL) 

between clock genes and their protein products (Mohawk and Takahashi 2011). In short, 

BMAL1 and CLOCK are transcription factors that promote transcription of period (Per1, Per2, 

Per3) and cryptochrome (Cry1, Cry2) genes. In the nucleus, CRY and PER dimerize, inhibit the 

activity of BMAL1 and CLOCK and repress their own transcription. Regulated by at least a 

dozen known and potentially more unidentified genes, the TTFL takes about 24 hours to 
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complete a full cycle. Within each organ, cells are often synchronized, causing organ function to 

be rhythmic as well. The core mammalian internal time-keeper is the suprachiasmatic nucleus 

(SCN) of the anterior hypothalamus, a network of ~10,000 oscillating neurons. The SCN is 

synchronized by light input coming from the eye, and keeps all the peripheral clocks in organs 

synchronized (Reppert and Weaver 2002; Welsh et al. 2010).  

The endogenous rhythms in an intact mammalian system are close to, but not exactly 24 

hours. A mouse in constant darkness (DD), for example, typically has an activity-rest cycle of 

about 23.5h (Pittendrigh and Daan 1976a), meaning it will start its active phase about 30 min 

earlier every day relative to clock time. In a light:dark cycle, this near 24h internal rhythm adapts 

to the exact 24h environmental rhythm; this process is called entrainment. For a mouse with a 

free running period (FRP) of 23.5h (τ = 23.5h) to entrain to a 24h light:dark (LD) cycle (T = 24h), 

the internal rhythms need to be delayed by 30 minutes every day. Conversely, for a mouse with 

τ = 24.5h, a daily 30 min phase advance would be required to entrain to T24. Light affects the 

circadian rhythm of a mouse in a very predictable way. A phase-response curve (PRC) 

represents the phase shifting effect (response) of a given light stimulus, depending on when 

(phase) the stimulus is presented (Daan and Pittendrigh 1976). A light-PRC has very consistent 

shape across species, diurnal or nocturnal alike, with phase advances at the beginning of the 

day, phase delays at the end of the day and a period of relative unresponsiveness in between. 

For an organism with a FRP of less than 24h, light is needed late in the afternoon (the phase-

delaying part of the PRC), while an organism with a long FRP needs light early in the morning 

(phase advancing part of the PRC) to entrain to T24. This results in different but stable phase 

angles of entrainment (the phase relation between internal rhythms and the light:dark 

transitions) between animals depending on τ, T and the PRC. The process of entrainment by 

daily phase advances or phase delays of the internal clock to match the external rhythm is 

called non-parametric entrainment (Daan 2000).  
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Just like light entrains the mammalian SCN, peripheral organs can be entrained by 

physiological signals like temperature, melatonin, glucocorticoids or metabolic stimuli. Because 

body temperature, melatonin secretion, and activity and feeding behavior are regulated by the 

SCN, the SCN has the ability to entrain peripheral organs such as the liver (Mohawk et al. 

2012). Harmony in rhythmicity among all oscillators in an organism is important for optimal 

health.  

Since the industrialization, artificial light has extended the human day to 16-18 hours, 

regardless of season. Moreover, in many occupational settings such as hospitals, transportation 

and emergency response, work must go on at every hour of the day and night. Living in a 24-

hour society with a biological clock that evolved in a world without artificially extended days 

leads to many behavioral, cognitive and medical deficits. In the US, yearly costs of 

consequences of shiftwork exceed $200 billion (Kerin and Aguirre 2005). Two types of negative 

consequences of shiftwork can be distinguished. First, acute effects of being awake at night and 

sleep deprivation lead to loss of alertness, which leads to decreased productivity and increased 

frequency of mistakes and accidents. Second, chronic exposure circadian disruption is 

associated with many medical problems (Evans and Davidson 2013), including increased 

mortality rates (Knutsson et al. 2004), breast cancer incidence (Haus and Smolensky 2013), 

prevalence of metabolic syndrome (De Bacquer et al. 2009), risk factors of cardiovascular 

disease (Ha and Park 2005), prevalence of common infections (Mohren et al. 2002), 

reproductive dysfunction in women (Mahoney 2010), and impaired cognitive functioning (Cho et 

al. 2000; Wright et al. 2006).  

Many of these symptoms can be reproduced in animal models by inducing circadian 

disruption (Penev et al. 1998; Filipski et al. 2004; Davidson et al. 2006; Castanon-Cervantes et 

al. 2010; Loh et al. 2010; Karatsoreos et al. 2011). Two common experimental manipulations to 

induce circadian disruption in the lab are chronic jetlag and T-cycles. Chronic jetlag is induced 
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by repeated exposure to 6h phase advances (i.e. equivalent to eastward travel across 6 time-

zones). In mice, for example, this leads to reduced successful completion of pregnancy by 70% 

compared to non-jetlagged controls (Summa et al. 2012). In T-cycles, animals are exposed to 

days that are beyond conventional limits of adaptation. For example, mice housed in 20h 

light:dark cycles (T20) show markers of metabolic syndrome such as body weight gain and 

increased levels of insulin and leptin (Karatsoreos et al. 2011). These types of paradigms 

demonstrate the consequences of exposing the circadian system to schedules it can not adapt 

to. 

Until recent discoveries, the circadian system was thought to be too inflexible to deviate 

from its 24h basis by more than 1-2 hours per day. Two surprising, but simple, environmental 

manipulations in rodents, however, nearly eliminate jetlag and allow rest/activity cycles to be 

timed at any hour of the day or night. First, illuminating the nights with light comparable to 

starlight, as opposed to complete darkness, allows the circadian clock to be much more easily 

adjusted. For example, hamsters exposed to completely dark nights failed to entrain to light 

cycles longer than 26 hours, while animals exposed to dimly lit nights successfully entrained to 

cycles as long as 30h (Gorman et al. 2005). Second, with the use of dim light, mice and 

hamsters can bifurcate to a double light:dark cycle with two ‘days’ and ‘nights’ every 24h. 

Following rhythm bifurcation, jetlag following a phase shift was reduced by 71% (Harrison and 

Gorman 2015) and mice were able to entrain to 30h LDLD cycles, in some cases without 

continuation of dim light (Harrison et al. 2016). Combined, this work highlights unusual 

conditions in which the circadian system can be remarkably more flexible than traditionally 

believed.  

Given the similarities between biological clocks among mammalian species, rodent 

models of circadian adaptability provide a unique approach toward solutions for negative health 

consequences of shiftwork. For example, living on an 18 or 30h schedule would allow efficient 
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rotating between day- and night-time work shifts. In addition to the potential application, novel 

techniques for altering circadian rhythms provide innovative methods to characterize the 

dynamics and interactions of physiological, neurological and molecular rhythms. 

The work presented in this dissertation uses entrainment models in mice to study 

extraordinary circadian plasticity, its mechanisms, potential application for human shiftworkers, 

and consequences for reproductive health. These aspects were studied using T18 entrainment, 

and are presented in 4 empirical chapters. 

Chapter 2: “What is the separate contribution of dim light at night and bifurcation after-effects in 

facilitating T18 entrainment?” 

The work in this chapter extended prior research on circadian flexibility induced by dim 

light at night and bifurcation to 18 hour rhythms. Successful entrainment to 18 hour rhythms by 

a mammalian species is highly unusual, as it would require shaving off nearly 6 hours of the 

endogenous free-running period, while even the strongest light pulses cause advances up to 2 

hours. Yet, behavioral entrainment in T18 can be induced rapidly, robustly and repeated without 

the need of genetic, pharmacological or invasive manipulations, making T18 entrainment an 

attractive model to study circadian plasticity. Furthermore, 13 hour long light phases would allow 

for sufficiently long ‘work days’ if translated to diurnal human shiftworkers. In prior work on 

flexible behavioral entrainment in T-cycles, the use of dim light at night and rhythm bifurcation 

after-effects have been confounded. In chapter 2, I tested the separate contributions of these 

factors on T18 entrainment.  

Chapter 3: “Does behavior in flexible entrainment display characteristics of a strong underlying 

circadian oscillator?” 

One of the unique characteristics of flexible entrainment in T18 is the lack of large phase 

angles (deviation between activity onset and lights offset) seen in other T-cycle entrainment 
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context (Pittendrigh and Daan 1976b). This led to the hypothesis that under T18-entrainment 

behavior might not be controlled by a strong circadian oscillator but is more directly light-driven 

while the internal clock is dampened or uncoupled. To test this, in Chapter 3, behavior in T18-

mice was scored for other characteristics of a strong circadian oscillator. Specifically, mice in 

T18 were challenged with phase shifts and observed for transient misalignment (i.e. jetlag) 

following each of these shifts.  

Chapter 4: “What is the molecular basis for circadian entrainment in T18?" 

In Chapter 4, clock gene expression patterns in the SCN, liver, and kidney were 

measured. Period, amplitude and phase of rhythmically expressed genes were compared 

between T24 and T18 to test the involvement of the canonical circadian TTFL in entrainment in 

T18.  

Chapter 5: “How is reproductive function in female mice affected by T18 entrainment?” 

In rodents, ovulatory rhythms, or estrous cycles, are controlled by the hypothalamic-

pituitary-gonadal axis (HPG) and are tightly linked to the circadian system. Every 4-5 days, on 

the day of ovulation, a circadian gating window allows hypothalamic neurons to release a bolus 

of Gonadotropin-releasing hormone into the pituitary, which causes a surge in release in 

luteinizing hormone (LH), which triggers ovulation. Altered circadian rhythms have the potential 

to disrupt the temporal organization in the HPG axis and lead to subfertility. In Chapter 5, 

estrous cycles, LH surges, ovulation, and mating behavior were characterized, and fecundity 

was quantified in mice entrained to T18. 
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Chapter 2. Simple lighting manipulations facilitate behavioral entrainment of mice to 18 

hour days 

Abstract 

In an invariantly rhythmic world, a robust and stable mammalian circadian clock is 

presumed to confer fitness advantages. In shift-work or after rapid trans-meridian travel, 

however, a stable clock might be maladaptive and a more flexibly resettable clock may have 

advantages. The rate at which rodents can adjust to simulated time zone travel and the range of 

entrainment can be markedly increased through simple light manipulations, namely, exposing 

animals to extremely dim light (<0.01) at night or by bifurcating rhythms under 24h 

light:dark:light:dark (LDLD) cycles. Here we investigated the separate effects of dim light and 

bifurcation on the ability of mice to entrain to 18h days (LD13:5; T18). Incorporating dim light at 

night, mice in Experiment 1 were exposed either to LD cycles with photophases that were 

progressively shortened from LD19:5 to LD13:5, or to bifurcating LDLD cycles with photophases 

that were lengthened from LDLD7:5:7:5 to LDLD13:5:13:5. In both cases, wheel-running 

rhythms were robustly synchronized to T18 and the phase of the free-running circadian rhythm 

was controlled by the timing of release into constant conditions. In Experiment 2, either dimly 

illuminated nights or a history of bifurcation without continuing dim light was sufficient to allow 

behavioral entrainment to T18 whereas previously unbifurcated mice under dark nights failed to 

entrain to T18. Additionally, concurrent measurement of body temperature rhythms in T24 LDLD 

revealed them to be bimodal. These studies suggest that the circadian system is markedly more 

flexible than conventionally thought, and that this can be achieved in a non-invasive and non-

pharmacological way. Facilitation of behavioral entrainment to extreme light:dark cycles may 

have translational potential for human shift-workers. 

Keywords: Circadian, Bifurcation, Dim Light, Behavioral Entrainment, After-effect, T 

cycles, Mouse 
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Introduction 

The hypothalamic suprachiasmatic nucleus (SCN) generates an approximately 24h 

neural rhythm that synchronizes clocks throughout the body to orchestrate daily rhythms in 

physiology and behavior (Reppert and Weaver 2002; Welsh et al. 2010). The phase of the SCN 

is set by light, which synchronizes it with the environmental light-dark cycle. However, the 

circadian timing system is generally slow to shift, and organs shift at different rates (Kiessling et 

al. 2010). During shift-work requiring altered rest/activity cycling, or after trans-meridian travel, 

the circadian timing system may be disturbed inducing a state of temporarily desynchronized 

oscillators (i.e jetlag) (Kiessling et al. 2010). Chronic circadian disruption is associated with 

elevated risk of obesity, impaired immune function, increased cancer risk, and impaired 

cognition (Costa 1996; Hansen 2001; Karatsoreos et al. 2011; Voigt et al. 2013; Colwell and 

Matveyenko 2014; Marquié et al. 2014). A more flexible circadian system might be expected to 

decrease clock disruption in these contexts. The current study explores two different light 

manipulations that increase flexibility of activity rhythms in mice, and which therefore have 

potential to reduce negative effects of circadian disruption. 

Under traditional laboratory conditions, most mammals have been shown to exhibit 

stable entrainment to a narrow range (e.g. ±2h) of periods around 24h (Daan and Aschoff 

2001). Syrian hamsters (Mesocricetus auratus), for example, failed to entrain to T-cycles longer 

than 26h (Boulos et al. 2002; Gorman et al. 2005). This range of entrainment, however, can be 

markedly extended by exposure to dim light at night (as compared to complete darkness) at an 

illuminance comparable to starlight or dim moonlight (Boulos et al. 2002; Gorman et al. 2005; 

Gorman et al. 2006), even though such low light levels have been reported to be too weak to 

shift the clock (Brainard et al. 1982; Brainard et al. 1984; Nelson and Takahashi 1991a; 

Brainard et al. 2001). With the incorporation of dim nighttime illumination, hamsters were 
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successfully entrained to T-cycles up to 30h (Gorman et al. 2005) or as low as 19h (Chiesa et 

al. 2005). 

Additionally, in 24h light:dark:light:dark (LDLD) cycles, a bifurcated entrainment pattern, 

characterized by nearly equal amounts of running wheel activity in each of two nights every 24 

hours, is facilitated by addition of dim light at night in both mice and hamsters (Gorman 2001; 

Gorman et al. 2003; Gorman and Elliott 2003; Gorman and Elliott 2004; Evans, Carter, et al. 

2012). Bifurcation itself was recently shown to exert surprising effects on enhanced adaptability 

of activity rhythms of rodents. Bifurcated hamsters, for example, more than doubled speed of re-

entrainment to new light cycles after travel across virtual time zones (Harrison and Gorman 

2015). Additionally, even without dim light, bifurcated mice were capable of entraining to an 

LDLD cycle lengthened from 24h to 30h, whereas unbifurcated mice free-ran under these 

conditions (Harrison et al. 2016).  

The effects of previous states of entrainment on properties of the biological clock are 

termed after-effects. Best known are period after-effects - lengthened and shortened free 

running period in constant darkness following entrainment to long versus short light cycles 

(Pittendrigh and Daan 1976a) and waveform after-effects – lengthened and shorted active 

period (alpha) in free-run after short versus long photoperiod.  Less well known are after-effects 

on entrainment – different patterns of entrainment in identical conditions in T22 depending on 

lighting history (Chiesa et al. 2006) and after-effects on phase resetting - larger light-induced 

phase shifts in hamsters entrained to short compared to long photoperiods (Pittendrigh et al. 

1984; Evans et al. 2004; Glickman et al. 2012; Glickman et al. 2014). The ability to entrain to 

30h LDLD cycles following bifurcation, but not other conditions, represents another type of 

circadian entrainment after-effect.  

In studying modulation of circadian flexibility (Harrison and Gorman 2015; Harrison et al. 

2016), our prior work studied the effects of dim light in close conjunction with bifurcation so that 
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the relative contributions of each on entrainment have not been clearly distinguished. The 

current study, therefore, aimed to separate these contributions on the capacity of mice to entrain 

behaviorally and physiologically to non-24h cycles. Further, to test whether extraordinary 

entrainment plasticity was limited to lighting cycles lengthened from 24 to 30 h, the current study 

explored behavioral entrainment to short, 18 h, T-cycles and employed telemetry to determine 

whether entrainment extended to daily rhythms in body temperature. Together with earlier work, 

the current results establish that photic manipulations permit extraordinary entrainment to a 

diversity of non-24 h conditions and identify dim light, without prior bifurcation, as a sufficient 

stimulus for this capacity. 

Methods 

Nomenclature 

The study of bifurcation in non-24h conditions strains conventional circadian 

nomenclature.  In this manuscript the zeitgeber period will be specified by T (e.g. T18 or T24). 

Zeitgeber cycles may be additionally described as unimodal (LD) or bimodal (LDLD). Although 

T12 LD and T24 LDLD are formally equivalent, the latter description is preferred here, since the 

bifurcated entrainment state is not generally a 12h rhythm, but rather a 24h rhythm comprised of 

two active periods. For example, bifurcation was first demonstrated in LDLD cycles that were 

not equivalent to T12 LD (e.g. LDLD9:5:5:5) (Gorman and Steele 2006), and bifurcation appears 

to have a 24h organizational basis in the SCN (Watanabe et al. 2007; Klett and Allen 2017). In 

contrast, prior entrainment studies under LDLD10:5:10:5 (Harrison et al. 2016), where T15 LD 

was formally equivalent to T30 LDLD, suggest either a 15h oscillation or a driven rhythm. 

Pending information about SCN rhythmicity, these cycles are referred to as T15/T30 cycles. 

This paper reports on cycles that could be considered T18 LD cycles or T36 LDLD cycles. 

Because the native 24h period is much closer to 18h than to 36, we generally avoid reference to 
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T36 LDLD cycles in favor of the simpler T18 LD designation.  Moreover, no analysis revealed 

any suggestion of behavioral rhythmicity with a period of 36h. 

Animals and Housing 

C57BL/6J mice (Jackson, Sacramento, CA), 6-9 weeks at the start of the experiments, 

were individually housed in plastic shoebox cages (LxWxH: 28x18x15 cm) furnished with a 

running wheel (13 cm diameter). Food (Mouse diet 5015, Purina, St. Louis, MO) and water were 

available ad libitum. Cages were placed in light-tight chambers to ensure full control of light 

exposure. During the photophases, chambers were lit by white fluorescents lamps providing 

300-350 lux at the cage level. Scotophases were either complete dark (LDark) or illuminated with 

green LEDs (555 ± 30 nm) mounted approximately 25 cm outside of the cage generating 

illuminance <0.01 lux (irradiance of 3.90 x 10-5 W m-2) measured within the cage (LDim). For 

details on lighting see Evans et al (2012). Cages were changed at least every 21 days on a 

schedule to minimize disruption of activity rhythms. Animals were weighed at the beginning and 

end of experiment.  Experiments were conducted with prior approval of the University of 

California San Diego Institutional Animal Care and Use Committee.  

Experiment 1: Entrainment to T18 cycles.  

 To test the hypothesis that prior bifurcation would uniquely enable entrainment to short 

T-cycles, mice from the colony (LDark 14:10) were assigned to one of two groups. One was 

housed in LDimLDim 7:5:7:5 to induce bifurcation (Bif; n= 12, 6 female, remainder male), while a 

second group was housed in LDim 19:5, which does not allow rhythm bifurcation (nBif; n = 11, 6 

female). In 3 phases the photoperiods were progressively lengthened from 7 to 10 to 13 hours 

in the Bif group and shortened from 19 to 16 to 13 hour in the nBif group (Table 2.1; Figure S1). 

In both groups, scotophase duration was fixed at 5 hours. Fifty days after the start of the 

experiment, light conditions were identical between groups, LDim 13:5, but are denoted with 
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regard to whether mice had a bifurcated history (LDim LDim 13:5:13:5 – Bif) or not (LDim 13:5 – 

nBif; Table 1).  

Table 2.1. Complete schedule of light cycles in Experiment 1. 

 Bifurcated History (Bif, n = 12)  Non-Bifurcated History (nBif, n = 
11) 

 Light condition T # cycles  Light condition T # cycles 

Recovery LDim 14:10 24 h 7  LDim 14:10 24 h 7 
Phase 1 LDimLDim 7:5:7:5 24 h 20  LDim 19:5 24 h 20 

Interphase LDimLDim 8:5:8:5 26 h 2  LDim 18:5 23 h 2 
LDimLDim 9:5:9:5 28 h 2  LDim 17:5 22 h 2 

Phase 2 LDimLDim 10:5:10:5 30 h 18  LDim 16:5 21 h 28 
Interphase LDimLDim 11:5:11:5 32 h 2  LDim 15:5 20 h 2 

LDimLDim 12:5:12:5 34 h 2  LDim 14:5 19 h 2 
Phase 3 LDimLDim 13:5:13:5 = 

LDim 13:5 
36 h 
18 h 

24 
48 

 LDim 13:5 18 h 48 

Constant 
conditions 

DimDim - -  DimDim - - 

 
After 48 unchanged T18 LD cycles, animals were released in constant condition (DimDim) 

at one of two different time points. For half the animals (n = 12), photophase lighting was 

extinguished permanently at the beginning of a scheduled scotophase; for the other half, 9h 

later, after an abbreviated, 4h, photophase. After 20 days in constant conditions, the experiment 

was ended.  

Body temperature and general locomotor activity were continuously recorded using 

surgically implanted telemeters. To permit characterization of the endogenous body temperature 

rhythm independent of masking-effects of running wheel activity, wheels were blocked with a pin 

for three full LDLD cycles during all 3 phases with at least 3 full cycles between each time being 

blocked. With the exception of the days of wheel-blocking, wheel running was continuously 

recorded.  

Experiment 2: Cues for induction and maintenance of T18 LD entrainment  

Because Experiment 1 yielded unexpected robust entrainment to LDim13:5 in both 

previously bifurcated and non-bifurcated groups, Experiment 2 assessed the roles of dim light 

and bifurcation history for their separate contributions to T18 entrainment. Adult mice from a 



13 
 

separate cohort were assigned to each of 4 groups (n = 8, 4 female per condition). All groups 

were first entrained to T24 cycles for 3 weeks before exposure to T18 cycles. The first group 

was bifurcated in LDimLDim 7:5:7:5 and subsequently transferred directly to LDim 13:5 (Bif-Dim). 

A second group bifurcated in LDimLDim 7:5:7:5 was moved to LDark 13:5 (Bif-Dark). A third group 

went straight from non-bifurcating LDim 14:10 into LDim13:5 (nBif Dim), while the last group was 

exposed initially to LDark 14:10 and then to LDark 13:5 (nBif -Dark). Running wheel behavior was 

continuously recorded.  

To assay T18 entrainment under potentially weaker zeitgebers (i.e. with lower L:D ratio), 

after 3 weeks in LDim13:5 or LDark13:5, all groups were exposed to days that were shortened 

and nights lengthened by 2h increments every 15 days (i.e., 20 18h cycles), resulting in the 

following light:dark or light:dim cycles; LDim 11:7, LDim 9:9, LDim 7:11, LDim 5:13, LDim 3:15, LDim 

1:17 and constant conditions. Light offsets were kept constant, and light onsets were delayed 

two hours for every new phase. 

Data Collection and Analysis 

Running wheel activity (RW, half revolutions, Experiment 1 and 2), general locomotor 

activity (GLA, Experiment 1), and body temperature (Tb, Experiment 1) were collected using 

VitalView (MiniMitter, Sun River, OR). All data were stored in 6 min bins. In Experiment 2, two 

out of eight animals in both Bif-Dark and Bif-Dim groups were excluded from analyses because 

they failed to meet objective and subjective criteria for bifurcation in the initial LDLD 7:5:7:5. 

Entrainment Quotients.  

To quantitatively assess entrainment to T18 light cycles, Lomb-Scargle periodograms 

were generated, and power at 18h and the peak power value in the circadian range (22h-26h) 

were each determined. Entrainment Quotients (EQ) were calculated as the ratio between power 

at 18h and ~24h (power18h / (power18h  + power~24h)) and logit-transformed using base e 
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(log(EQ/(1-EQ))). EQs were separately calculated for wheel running (EQwheel) and body 

temperature (EQTb) data. 

Phase angles of entrainment.  

Activity onsets were eye-fitted. Phase angles in LDimLDim 7:5:7:5 were calculated 

separately for each of the alternate dark episodes. For all other light cycles, a single phase 

angle was calculated averaging onsets from all dark phases. Only animals that met criteria of 

entrainment (i.e., EQ > 0.75) were included in the analysis. 

Period of free-running animals.  

For animals that were poorly entrained to T18 (EQwheel < 0.75), periods of the free-

running components in T18 were determined from periodograms calculated over 20 cycles as 

the peak power in the range from 22-26h.  

Phase of free-run in DimDim.  

Skipping the first 3 days in DimDim, eight consecutive eye-fitted onsets of activity were 

used for a least-squares regression to project the phase of activity onset at the day of release 

(Figure S2A). Watson-Williams test was used for differences in mean phase between the two 

times of release, and the Rayleigh test was used to test for uniformity in the distribution of 

projected activity onsets relative to onsets of DimDim. 

Activity-independent temperature.  

To calculate body temperature independent of activity a non-linear regression method 

was adapted from previously described techniques (Weinert and Waterhouse 1998; Damaggio 

and Gorman 2014) using only data collected during blocking of the running wheels. General 

locomotor data were convolved with a delay function (Equation 1) to create a smoothed activity 

measure that takes into account the delayed effect it has on temperature. Parameters were fit to 

get the highest correlation with GLA data. Next, the non-linear relationship between temperature 
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and activity was estimated (Equation 2). All parameters were fit using the non-linear least 

squares function in R (Rstudio - Version 0.98.1062, Boston, MA; R - version 3.1.1, Vienna, 

Austria). To estimate endogenous body temperature (Tb’), the activity-induced temperature was 

subtracted from the measured temperature signal with equation 2 fitted parameters. 

 𝐴 ∗  𝑒(− 
𝑥
𝐵

)
 (1) 

 Temperature = 𝐾 ∗  𝑒(−1∗ 𝑒( −𝐿∗𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦))) + 𝑀 (2) 

Surgery / Telemetry 

Miniature radio telemeters (< 2.0 g; G2 E-Mitter; Respironics, Inc., Bend, OR) were 

implanted intraperitoneally (I.P.) under isoflurane anesthesia. Animals received a single dose of 

0.05 mg/kg buprenorphine (S.C.) inter-operatively for pain relief. After the animals were 

ambulatory they were returned to colony conditions (LDark 14:10) and allowed 7 days for 

recovery before experiments started. Prior to surgery and during recovery mice were housed in 

the same-sex groups of 3-4. Cages were placed on an ER-4000 Energizer/Receiver 

(Respironics, Inc., Bend, OR) to communicate with the telemeters. Over the course of the 

experiment, four telemeters gave unusable data, so that body temperature (Tb) and general 

locomotor activity (GLA) analyses were conducted with n = 9 and n = 10 for Bif and nBif 

respectively.  

Results 

Experiment 1: Entrainment to T18 cycles.  

Figure 2.1 depicts representative patterns of running-wheel activity (RW) over 12 weeks 

of mice initially bifurcated in T24 LDimLDim 7:5:7:5 and exposed to cycles lengthening to T36  

LDimLDim 13:5:13:5 (A) and of mice initially non-bifurcated in T24 LDim19:5 and exposed to 

cycles shortening to T18 LDim 13:5 (B). In both cases and in all phases of the experiment, most 

activity occurs during the dimly lit nights, and there is no visually salient free-running periodicity. 
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Qualitatively, general locomotor activity (GLA) and body temperature (Tb) showed similar 

patterns as RW, with greater activity and higher temperatures in the scotophases (Figure S3). 

When uninterrupted wheel running of the same two mice is plotted modulo 18 (Figure 2.1C&D), 

both animals showed activity strictly aligned with the dark periods with activity onsets nearly 

coincident with lights off.  
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Figure 2.1. Representative double-plotted wheel-running actograms from Experiment 1 of 
individual mice that were initially bifurcated (A) and not bifurcated (B) in LDimLDim 7:5:7:5 and 
LDim 19:5 respectively, and gradually transitioned to LDim 13:5. Data are plotted modulo 360 
angular degrees. Gray shading indicates times of relative darkness. Gaps in data represent lack 
of wheel running activity while the wheels were blocked. Transitional photoperiods are not 
labeled. From the same animals, C and D replot, modulo 18h, the same 14 uninterrupted cycles 
from the final experimental phase. E and F show the transition from LDim13:5 to Dim:Dim, from 
the same animals. Y axes are scaled from 0 to 200 half revolutions per minute.  
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Activity profiles averaged across subjects are depicted in Figure 2.2 demonstrating that, 

in each experimental phase including the initial bifurcation, activity was almost exclusively 

restricted to hours of darkness. EQ-values approached 1 and activity onsets shortly followed 

light offsets (Table 2.2, Figure S4). Under identical lighting conditions of T18 (LDim 13:5), 

quantitative analyses revealed no differences between Bif and nBif in LDim 13:5 in EQWheel 

(Figure S4), total amount of running wheel activity in day or night, or in phase angles between 

light offsets and activity onsets (Table 2.2, Figure 2.2). To distinguish between a 12h and 24h 

rhythm in Phase 1 (LDLD7:5:7:5), phase angles of wheel-running activity were compared 

between alternate scotophases. In 60% of animals there was a significant difference in phase 

angle in the odd nights compared to the even nights, indicative of a 24h basis to the 

entrainment. Under LDLD10:5:10:5 and LDLD13:5:13:5, however, no animals showed 

systematic differences between alternating nights, indicating 15/18h rather than 30/36h bases, 

respectively, of their rhythmicity (Figure 2.2). Therefore we averaged activity data from all 

scotophases to report a single phase angle under non-24h conditions.  

Table 2.2 Entrainment measures in LDim13:5 from Experiment 1 

 Bif nBif Statistic 
p-
value 

% RW activity  
in light 

10 ± 3% 7 ± 2% t(14.5) = 0.93 NS 

Phase angle of 
entrainment 

-21.7 ± 5.9 min -10.6 ± 2.1 min t (12.4) = 1.79 NS 

Periodogram 
power (RW) 

18h 559 ± 61 575 ± 56 t(16.7) = 0.20 NS 

22-26h 43 ± 13 18 ± 4 t(9.47) = 1.82 NS 

Periodogram 
power (Tb) 

18h 173 ± 53 179 ± 53 t(16.9) = 0.09 NS 

22-26h 94 ± 47 74 ± 28 t(13.2) = 0.36 NS 

EQ (logit -
transformed) 

RW 2.79 ± 0.4 3.57 ± 0.3  Group: F(1,15) = 1.09 
Measure: F(1,15) = 70.31 
Interaction: F(1,15) = 0.85 

NS 
< 0.001 
NS 

Tb 0.85 ± 0.5 1.15 ± 0.5 
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Figure 2.2. Averaged time series of running wheel activity (half wheel revolution) in 
LDimLDim7:5:7:5 (A), LDimLDim10:5:10:5 (C), and LDim13:5 (E) for initially bifurcated animals and 
LDim19:5 (B), LDim16:5 (D) and LDim13:5 (E) for un-bifurcated animals from Experiment 1 across 
all days with wheel. Shading represents between-subject SE of the activity profiles. Black bars 
represent dark phases. Phase angles are shown mean ± sem (min) with positive values 
indicating that activity phase-leads onset of darkness. Y axes represent half revolutions per 6 
min bin. 
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In all animals the EQTb was lower than the EQWheel (F(1,15) = 70.31, p < 0.001, Figure 

S4), independent of Bif/nBif (Interaction: F(1,15) = 0.9, p > 0.05). Lower EQTb was reflected not 

only by lower T18-power but also statistically greater power in the free-running, circadian (22-

26h) range (Figure S5). Entrainment Quotients were significantly lower in males than in females 

(F(1,15) = 4.88, p < 0.05). A more comprehensive analysis of sex differences in this and other 

studies will be published separately. 

Bifurcated Body Temperature in LDLD 7:5:7:5 

Wheel blockage altered the Tb rhythm, as evident in the generally lower body 

temperatures during dark periods when wheels were blocked (Figure S6A&C). Moreover, Tb 

closely tracked GLA suggestive of additional acute effects of non-running activity on Tb (Figure 

2.3A&C). As would be expected, nBif mice showed generally unimodal Tb with elevation during 

the night. Rhythms of bifurcated mice exhibited bimodality with elevations of Tb in both nights 

(Figure 2.3A&C). Similar to Tb, Tb’ was elevated during the dim lit nights in both Bif and nBif. 

That is, when controlling for levels of GLA, Tb’ is still bimodal in Bif (Figure S7). In N1 (shared 

night) Tb’ trended lower in Bif than in nBif (t(12.5)= 2.1, p = 0.056; See Figure 2.3), yielding a 

lower amplitude rhythm. Averaged across the 5h dim nights, Tb’ during N2 (additional night) 

was significantly higher in Bif-mice compared to nBif-mice (t(16.0)= 4.91, p < 0.001). There was 

no difference between N1 and N2 in Bif animals (t(10.6) = 1.30, p > 0.05), while for nBif mice, 

Tb’ was significantly higher in the night than at anti-phase (t(17.7) = 9.0, p < 0.001).  

Body Temperature in T18 LD13:5 

Also in T18 (LD 13:5), Tb closely tracked activity (Figure S6B&D), with higher levels of 

activity and body temperature during the night (F(1,16) = 88, p < 0.0001; Figure 2.3B&D). 

However, lower EQTb (i.e. higher power in circadian range) did not allow for similar methods 

used in T24 to control for levels GLA. 
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Release into constant conditions 

When released into DimDim, animals reverted to free-run close to 24h within a few cycles 

(Figure 2.1E and F). The projected phases of activity onset were significantly clustered with a 

mean phase angle of -0.09h (R(19) = 0.43; p < 0.05, Figure S2) relative to dark onset. 

Individually, neither release group was significantly clustered (R(9) = 0.49; p < 0.09 and R(9) = 

0.37; p < 0.25 for 0 and +9 respectively) but small sample sizes compromised the statistical 

power of these tests.  When the time of release into DimDim was delayed by 9h, the projected 

onsets were delayed 8.5h compared to those mice beginning DimDim at the beginning of a 

previously scheduled scotophase (F(1,18) = 14.3; p = 0.001).  

 

Figure 2.3. (A, B) GLA and (C, D) Tb averaged across 72 hours of wheel blocking in 
Experiment 1 during 24h conditions and 18h conditions respectively. Temperature is plotted in 
degrees above/below the daily mean. Bars on bottom of the panels represent the light:dark 
cycle, with black/gray being dim and white being light. Black and gray represent Bif and nBif 
groups, respectively.  Shading represents SE. N1 = 19-24h and N2 = 7-12h. 
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Experiment 2: Cues for induction and maintenance of T18 entrainment  

Induction 

As in Experiment 1, representative mice that were bifurcated in LDimLDim7:5:7:5 

entrained readily, as evident from alignment of activity with shaded dark periods, when 

transferred directly to LDim13:5 (Figure 2.4A, C and E). The same was true for mice bifurcated in 

LDimLDim7:5:7:5 and transferred to LDark13:5 and mice transferred from LDim14:10 to LDim13:5 

(actograms not shown). In contrast, mice transferred from LDark14:10 to LDark13:5 showed 

unambiguous evidence of free-running activity, recognized as a lack of alignment in with a clear 

free running period > 24h (Figure 2.4B, D and F).  

Considering all subjects, entrainment failed only in the group without exposure to dim 

light or a history of bifurcation (nBif-Dark) as reflected in multiple measures (Table 2.3; Figure 

S8). Periodogram power at 18h was significantly different across groups (F(3,24) = 5.931, p < 

0.01) and lowest in nBif-Dark compared to all other groups (Tukey HSD-adjusted p-values < 

0.05). Power in the circadian range differed significantly between groups (F(3,24) = 3.661, p < 

0.05). Both Dim groups showed significant lower power than nBif-Dark (Tukey HSD-adjusted p-

values < 0.05). The EQWheel was lowest in the nBif-Dark group, and significantly different from all 

other groups (F(3,24) = 9.18, p < 0.001; all Tukey HSD-adjusted p-values < 0.05).  
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Figure 2.4. Representative wheel running data from Experiment 2 with respective periodogram 
for a successfully entrained animal from Bif-Dim (A,C,E) and a free-running animal from nBif-
Dark (B,D,F). A and B show the same data as C and D in modulo 24h and 18h respectively. 
Conventions as in Figure 2.1. 
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Maintenance. 

As the light to dark ratio in T18 was progressively reduced by shortening photophases 

over the course of the experiment, all animals eventually lost entrainment and started to free-run 

in or before reaching LD 1:17 (Figure 2.5A&B). Values of EQWheel significantly decreased over 

the different phases within the experiment (Figure 2.5C; F(1,23) = 728.48, p < 0.001), and 

eventually approached zero (i.e. periodogram power exclusively in the circadian range). The 

pattern of entrainment loss differed by group as indicated by repeated measures ANOVA 

(Group: F (3,23) = 5.51, p < 0.01; Interaction with phase:(F (3,23) = 5.67, p < 0.01). Group 

differences based on one-way ANOVA within each phase are indicated in Figure 2.5C. Phase 

angles did not change between photoperiods (b  < -0.002, SE < 0.001, t = 1.80; 95% CI = -

0.004; 0.0003).  

Table 2.3 Entrainment measures in LDim13:5 from Experiment 2  

 
nBif → 
Dark 

Bif → 
Dark 

nBif → 
Dim 

Bif → 
Dim 

Statistic p-value 

% RW activity  
in light 

31 ± 6% 
a 

14 ± 3% 
b 

9 ± 2% 
b 

7 ± 2% 
b 

F(3,24) = 8.91 
-> post hoc groups 

<0.001 

Phase angle of 
entrainment 

Not 
determined 

-13 ± 5 
min 

-19 ± 3 
min 

-16 ± 2 
min 

F(2,16) = 0.97 NS 

Periodogram 
power (RW) 

18h 
363 ± 92 
a 

670 ± 92 
b 

678 ± 42 
b 

769 ± 60 
b 

F(3,24) = 5.931 
-> post hoc groups 

<0.01 

22-26h 
107 ± 33 
a 

50 ± 28 
ab 

21 ± 6 
b 

14 ± 2 
b 

F(3,24) = 3.661 
-> post hoc groups 

<0.05 

EQ (logit -
transformed) 

RW 
0.92 ± .7 
a 

3.11 ± .5 
b 

3.65 ± .3 
b 

4.01 ± .2 
b 

F(3,24) = 9.18 
-> post hoc groups 

< 0.001 

Groups not sharing a letter (a/b) are statistically different according to post hoc analyses 
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Figure 2.5. Representative actograms from Experiment 2 plotted modulo 18h (A) and modulo 
24h (B) of one animal across all different T18 conditions. (C) EQWheel in all T18 conditions 
represented as mean ± SE. Significance codes show one-way ANOVA results for group 
differences in each phase: 0  < *** < 0.001 < ** < 0.01 < * < 0.05 < . < 0.1 < NS < 1 
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Period of free-running animals.  

Tau significantly decreased as the light to dark ratio decreased (b = -0.014, SE = 0.001, t 

= -12.80), such that for every 1% decrement in light duration, tau was reduced by 0.014 hour 

(95% CI = -0.016; -0.012). Tau was not significantly different between groups (b = -0.076, SE = 

0.082, t = -0.93 and b = -0.099, SE = 0.082, t = -1.19 for history and dim light respectively).  

Body weight 

Relative weight gain over the full duration of the experiment negatively correlated with 

the ratio of entrainment in both Experiment 1 (b = -0.05, SE = 0.01, t = -5.28) and Experiment 2 

(b = -0.07, SE = 0.02, t = -3.57) (Figure S9).  

Discussion 

The present study demonstrates that under permissive conditions, neurologically intact 

wild-type mice are capable of robust behavioral entrainment to 18h LD cycles; that exposure to 

dim light at night, an immediate history of rhythm bifurcation, and scotophases ≤ 9h each 

facilitate or permit this behavioral entrainment; that body temperature rhythms adapt also to 18h 

days but in some animals exhibit larger non-entrained rhythmic components than are apparent 

in wheel-running data; and that demasking of body temperature rhythms for effects of activity 

establish a bifurcated, but reduced amplitude rhythm of endogenous body temperature.  

In Experiment 1, the most unanticipated result was that, regardless of the T-cycle (LD 

7:5:7:5, 10:5:10:5, 13:5, 16:5, and 19:5) mice almost uniformly adopted activity rhythms with 

activity closely aligned with the scotophases, minimal activity in the photophases and rare or 

absent evidence of free-running rhythmicity. The strong apparent behavioral entrainment to T18 

stands in marked contrast to previous reports from C57 mice or other rodents. As examples, 

17% of mice failed to entrain wheel-running activity to T21 (Molyneux et al. 2008), and lacking a 

wheel, 80% failed to entrain to T21 (Casiraghi et al. 2012). Housed in groups of five without 

wheels, no mice entrained to T20 (Karatsoreos et al. 2011).  In a paradigm that shortened T by 
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5 min daily, wheel-running mice maintained apparent entrainment as far as 20h, although mice 

were never exposed to more than one cycle of T20 (Pittendrigh and Daan 1976a; Aton et al. 

2004). Finally, using various durations of light pulses, the maximum phase advance shown in 

C57 mice never exceeded 2-3 hours (Schwartz and Zimmerman 1990; Comas et al. 2006), 

leading to the prediction that 22h would be the lower limit of the entrainment range. Combined, 

the summarized experiments conclude that entrainment to T18, which requires a daily shaving 

of nearly 6h from the free-running period, even when housed in apparent optimal conditions (i.e, 

singly housed with wheel (Cambras et al. 2000; Chiesa et al. 2005)) is unprecedented.  

In previous studies, a history of rhythm bifurcation in T24 LDLD was shown to confer 

extraordinary flexibility of entrainment and re-entrainment in rodents. Specifically, bifurcated 

hamsters exhibited nearly instantaneous entrainment to LD16:8 photoperiods of any phase, 

whereas unbifurcated hamsters maintained under conventional LD16:8 photocycles entrained 

more slowly and in proportion to the size of the required phase shift. Parenthetically, animals 

with a history of short daylength (LD8:16) exposure re-entrained to these same phase shifts at 

intermediate rates (Harrison and Gorman 2015). Additionally, bifurcated mice exhibited robust 

behavioral entrainment to a LDLD10:5:10:5 (T15/T30) schedule (Harrison et al. 2016). Knowing 

already that bifurcation allows entrainment to Phase 2 (T15/T30) conditions of Experiment 1, we 

predicted that further extension of the photophase to LD13:5 (T18/T36) would continue to permit 

behavioral entrainment. In contrast, after entrainment to long daylengths such as LD19:5 (T24) 

that preclude bifurcation, we expected failed entrainment upon reduction of the photophase to 

LD13:5 (T18). Contrary to expectation, mice adapted well and quantitatively equivalently to 

LD13:5 after these entrainment histories. Thus with respect to multiple indices of wheel-running 

behavior and Tb, we see no evidence for a bifurcation after-effect in the present study, although 

we cannot exclude the possibility that underlying clock mechanisms differ following these 

histories. Moreover, as such extreme entrainment outside of a bifurcation context was 
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unprecedented, we hypothesized post hoc that dim light alone may be sufficient to significantly 

extend the range of entrainment in the same manner as does rhythm bifurcation.  Notably, dim 

light was previously shown to extend the limit of entrainment in hamsters (Boulos et al. 2002; 

Chiesa et al. 2005; Gorman et al. 2005) but was without a substantial effect in enhancing 

entrainment of mice to a different T30 photocycle (LD20:10, Harrison et al. 2016). 

Since the T18 cycle represents an extreme with respect to expected limits of 

entrainment, it raises the possibility that the apparently entrained behavioral rhythms reflect 

masking rather than true entrainment. Experiment 2 excludes the possibility of acute positive 

masking effects of dim light by demonstrating that, under identical lighting schedules with dark 

nights, wheel-running rhythms match the T cycle or free-run depending only on their prior 

entrainment history. Thus, concurrent dim light cannot explain behavioral entrainment. Rather, 

prior bifurcation, enabled by dim light, is sufficient to permit entrainment to T18. Prior bifurcation, 

moreover, is not necessary for entrainment to T18 as dim light throughout the experiment yields 

the same strong entrainment in the absence of bifurcation. The uniformly robust entrainment in 

Experiment 1, thus, may be interpreted as resulting from the facilitative effects of dim light in the 

initially unbifurcated group. Likewise, positive masking was shown to be an inadequate 

explanation for apparent entrainment to T15/T30, as it too persisted following bifurcation without 

continuation of dim light (Harrison et al. 2016).  

Strong negative masking by bright light could additionally contribute to a misleading 

impression of entrainment of rhythms that were, in fact, free-running. Such an interpretation is 

discounted by the EQ values obtained as the photophases were progressively shortened in T18.  

Despite the reduced opportunity for negative masking by bright light, EQs were unchanged in 

each group as the fraction of light in the cycle decreased from 72% to 50%.  In rats, rhythmicity 

in the circadian range has been shown to increase with increasing scotophase length in T22 

and T23 LD cycles (Cambras et al. 2004). Only when scotophases were lengthened to 11h did 
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our mice begin to show stronger free-running components and lower EQwheel. As the zeitgeber 

was further weakened, all mice eventually showed visually obvious free-running rhythms and 

correspondingly low EQ scores.  

Additionally, a masking interpretation is discounted by demonstration of phase control, 

another important entrainment criterion, in DimDim. In Experiment 1, the phase of activity onsets 

in constant dim was significantly clustered around and controlled by onsets of constant 

conditions, and the mean phase difference between the two groups was close to the difference 

in time of release. This phase control is evident despite the fact that free-running rhythms 

quickly go back to species typical periods near 24h. If apparent entrainment in LD13:5 had been 

a masked free-running activity pattern, random phases with respect to onset of DimDim would be 

expected, as phase would be predicted by the phase of the masked free-running rhythm 

(Harrison et al. 2016). Instead, circadian free-running rhythms with a phase controlled by time of 

release are indicative of a complete reset at time of release, discounting the possible 

explanation of a masked free-running rhythm for apparent entrainment in T18. These findings 

corroborate similar findings on phase of activity onsets after release in DD following entrainment 

in T15/T30 (Harrison et al. 2016).  

Thus, multiple criteria indicate that behavioral entrainment to T18 is genuine and stable 

but needs a sufficiently strong zeitgeber to be maintained. Notably, however, T18 entrainment 

did not show the changes in activity onset phase angle as predicted by classical non-parametric 

entrainment theory (Daan and Aschoff 2001; Granada et al. 2013; Schmal et al. 2015) or 

reported in rodents under less extreme values of T (Molyneux et al. 2008; Schwartz et al. 2011). 

Rather, activity onset consistently occurred close to the time of lights off. This same pattern was 

previous observed in mice entrained to T30 LDLD cycles (Harrison et al. 2016). Thus, 

entrainment under these conditions likely does not derive from non-parametric resetting 

mechanisms. Indeed, even with single light pulses as long as 9h, C57 mice show only minimal 
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(e.g., 1-2h) phase advances (Comas et al. 2006) that fall far short of the ~6h advances required 

for non-parametric entrainment. Perhaps importantly, these long-pulse PRCs were collected 

against a background of complete darkness instead of dim illumination. Mechanistically, we 

speculate that this flexible behavioral entrainment is facilitated by altered SCN function although 

whether this involves changes in phase relationships and/or amplitudes of component 

oscillators awaits time series analysis of SCN clock gene expression. 

Because wheel-running increases body temperature, we measured rhythms over three 

separate cycles when access to wheels was blocked. Tb rhythms, as well as GLA, during 

intervals of no wheel access were clearly bifurcated in T24 and showed nighttime elevations in 

T18 (Figure 2.3).  In both cases, however, the amplitude was markedly reduced compared to 

mice in LD19:5. This is the first report of Tb in rodents entrained to T18. Body temperature is an 

important cue for synchronizing peripheral organs (Brown et al. 2002), as temperature cycles 

with 1.5°C amplitude have been shown sufficient to entrain isolated lung tissue to non-24h T-

cycles (Abraham et al. 2010). Therefore, these findings are potentially important for functional 

rhythmicity of peripheral organs such as liver or kidney in extreme T- cycles.  

While behavioral entrainment to T18 was extremely robust as reflected in EQwheel scores 

approaching 1, periodogram analysis of Tb data yielded discernable rhythmicity in the circadian 

range, thereby reducing EQTb values relative to EQWheel (Figure S4). Simultaneous expression of 

multiple periods -- some entrained and others free-running -- has been noted previously. Activity 

rhythms dissociate in mice in T21 (Casiraghi et al. 2012), and both activity and body 

temperature show multiple rhythmic components in rats in T22 and T23 (Anglès-Pujolràs et al. 

2007). Additionally, in rats two motor activity components can be forced to decouple in T22 and 

are associated with subdivisions of the SCN (de la Iglesia et al. 2004). Decoupling of behavioral 

and Tb rhythms could rely on either reorganization of SCN subunits and/or decoupling of SCN 
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and extra-SCN oscillators that differentially contribute to regulation of activity and body 

temperature. 

Even in the absence of a wheel, however, measures of Tb reflect the joint influences of 

any endogenous Tb rhythm and activity-induced temperature. Through correlational analyses, 

we further estimated general activity-independent rhythms in body temperature. The additive 

effect of activity on temperature has a clear ceiling effect: above a certain level of activity, more 

activity does not increase temperature any further. Therefore our non-linear model to estimate 

circadian body temperature may more accurately characterize endogenous Tb rhythms than 

would prior linear models (Weinert and Waterhouse 1998).  Bimodality of body temperature 

(linearly de-masked with the Weinert and Waterhouse-model) in Siberian hamsters during 

bifurcation has been previously established (Rosenthal et al. 2005).  However, in mice, it is 

novel that not only running wheel behavior, but also activity-independent body temperature, is 

bifurcated in LDLD 7:5:7:5.  

 Both human shift-work and multiple experimental models of circadian disruption in 

animal models are associated with weight gain and/or markers of metabolic disease (De 

Bacquer et al. 2009; Barclay et al. 2012). The critical dimensions of these complex exposure 

scenarios for metabolic risk are not yet fully defined. Although our experiments were not 

designed with a focus on body weight regulation, consistent negative correlations between 

weight gain and EQWheel in LD 13:5 suggest that poor entrainment leads to greater weight gain 

than does stable entrainment to non 24h days. This association was obtained despite the fact 

that interval of weight gain included many different T-cycles (Experiment 1) and different 

photoperiods in T18 (Experiment 2).  

In summary, rhythm bifurcation and/or very dim light at light permits robust running-

wheel entrainment to an 18 hour light-cycle that, to our knowledge, exceeds the shortest 

demonstrated limit of entrainment in mice. As body temperature exhibited greater periodicity 
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~24h, adaptation to T18 is not complete and may reflect decoupling of multiple circadian 

oscillators as suggested in other experimental contexts (de la Iglesia et al. 2004; Anglès-

Pujolràs et al. 2007; Casiraghi et al. 2012). These findings extend previous work establishing 

hyperplastic control of rest/activity cycles that, regardless of their mechanistic basis, may have 

translational utility for behavioral adaptation of humans to challenging shift-work or jet-lag 

exposures.  
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Chapter 3. Enhanced circadian entrainment in mice and its utility under human shiftwork 

schedules 

 

Abstract 

The circadian system is generally considered to be incapable of adjusting to rapid 

changes in sleep/work demands. In shiftworkers this leads to chronic circadian disruption and 

sleep loss, which together predict underperformance at work and negative health 

consequences. Two distinct experimental protocols have been proposed to increase circadian 

flexibility in rodents using dim light at night: rhythm bifurcation and T-cycle (i.e. day length) 

entrainment. Successful translation of such protocols to human shiftworkers could facilitate 

alignment of internal time with external demands. To assess entrainment flexibility following 

bifurcation and exposure to T-cycles, mice in Study 1 were repeatedly phase shifted. Mice from 

experimental conditions rapidly phase-shifted their activity, while control mice showed expected 

transient misalignment. In Study 2 and 3, mice followed a several weeks-long intervention 

designed to model a modified DuPont or Continental shiftwork schedule, respectively. For both 

schedules, bifurcation and nocturnal dim lighting reduced circadian misalignment. Together, 

these studies demonstrate proof of concept that mammalian circadian systems can be rendered 

sufficiently flexible to adapt to multiple, rapidly changing shiftwork schedules. Flexible 

adaptation to exotic light-dark cycles likely relies on entrainment mechanisms that are distinct 

from traditional entrainment.  

Keywords: Mouse; Shiftwork; Phase shift; Bifurcation; T-Cycle; Flexible Entrainment; 

Dim light. 
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General introduction 

Many occupational settings, including hospitals, emergency response and 

transportation, require staff to work at any hour during the day. Working night shifts has been 

associated with both acute and chronic negative consequences (Moreno et al. 2019). Acute 

effects, including increased error rates, are likely a result of both work during the biological night 

and partial sleep deprivation. With chronic exposure to shiftwork, risks of attrition and 

development of physiological and mental health problems increase (Evans and Davidson 2013). 

The World Health Organization has labeled shiftwork as a probable carcinogen (Straif et al. 

2007), and the American College of Emergency Physicians, to cite just one example, has 

published guidelines for best practices to mitigate some of its adverse effects (Benzoni 2017). 

Despite increased awareness of these issues, few effective treatments exist to alleviate these 

negative consequences. Many attempts to adjust work-schedules to optimize circadian health 

appear unsuccessful, in part due to competing priorities from individuals as well as 

organizations (Smith and Eastman 2012). As an alternative, a more flexible circadian system 

could provide a solution to adapt to rapidly changing work and sleep cycles. Enhanced clock 

resetting has been observed with pharmacological treatments (Kessler et al. 2008; An et al. 

2013), or following exposure to constant light (Kaur et al. 2009) or short photoperiods (Glickman 

et al. 2012; Glickman et al. 2014; Ramkisoensing et al. 2014). While theoretically important, how 

these findings may be translated for human benefit is unclear. 

Accumulating rodent studies have shown that non-invasive environmental manipulations 

can markedly increase circadian flexibility. First, compared to complete darkness, the mere 

addition of dim light at night (< 0.1 lux) a) cut in half the time required to re-entrain to acute 

phase shifts in the light-dark cycle (Evans et al. 2009); b) facilitated induction of stable bimodal 

activity patterns in 24h light:dark:light:dark cycles (i.e. rhythm bifurcation in LDLD) (Gorman and 

Elliott 2003); and c) expanded the range of behavioral entrainment far beyond conventionally 
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understood limits, including 18 and 30h cycles (Gorman et al. 2005; Walbeek and Gorman 

2017). Second, following rhythm bifurcation under dimly lit nights, hamsters almost immediately 

adjusted to light:dark (LD) shifts to any phase (Harrison and Gorman 2015). In hamsters and 

mice, the range of entrainment to LDLD cycles was greatly expanded to include 18h–30h 

zeitgeber periods (Harrison et al. 2016; Walbeek and Gorman 2017; Gorman and Elliott 2019). 

In at least some cases, this enhanced entrainability after bifurcation persisted without the 

continuation of dim night-time lighting (Harrison et al. 2016).  

In 2012, our group proposed consideration of such flexible entrainment as a potential 

strategy for shiftworkers to navigate complex conflicts between work schedules, social 

obligations, and circadian rhythmicity, with a focus on accommodation of permanent night-

shiftwork (Harrison and Gorman 2012). In light of the enhanced resetting and T-cycle 

discoveries since 2012 and described above, we see potential for translation to the more 

common non-permanent shiftwork, where work times may occur at any hour. Thus, here we 

present three experiments to further characterize rhythm bifurcation and T-cycle entrainment, 

their underlying mechanisms, and their ability to facilitate adaptation to on-demand schedules. 

In Study 1 (“Jitter”), we investigated entrainment mechanisms of flexible behavior by probing 

animals entrained to exotic lighting paradigms with repeated, systematic phase perturbations. In 

Study 2 (“DuPont”), we used bifurcation to schedule activity according to a common DuPont 

work routine that alternates blocks of 12h shifts. Lastly, in Study 3 (“Continental”), we tested 

whether mice could adapt to a rapidly delaying shift schedule (modified Continental) during 

weekdays and still be well-entrained to normal conditions on weekends. 

Results 

Study 1/Jitter - Nature of entrainment to bifurcated and non-24h cycles 

Previous studies have demonstrated flexible entrainment in lighting regimes generally 

considered to be far outside the normal range of entrainment, including exposure to both LD 
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(e.g. 13h of light, 5h dark; LD13:5 or T18LD) and LDLD (e.g. LDLD5:4:5:4 or T18LDLD) cycles 

(see methods for explanation of nomenclature) (Harrison et al. 2016; Walbeek and Gorman 

2017; Gorman and Elliott 2019). Under those cycles that have been carefully characterized, 

behavioral adaptation reflects bona fide entrainment. Notably, an explanation of simple masking 

for entrained behavior has been rejected. For example, following both LDLD and extreme T-

cycles there is phase control in DD (Harrison et al. 2016; Walbeek and Gorman 2017; Sun et al. 

2019) and reorganized rhythms of core body temperature (Rosenthal et al. 2005; Walbeek and 

Gorman 2017). In LDLD conditions alone, further evidence includes persistence of biphasic 

behavior in skeleton cycles (Gorman and Elliott 2003), enhanced phase resetting (Harrison and 

Gorman 2015; Noguchi et al. 2018), entrainment after-effects (Sun et al. 2019), biphasic 

melatonin secretion (Raiewski et al. 2012), and altered c-Fos and clock gene expression in the 

Suprachiasmatic nucleus (SCN) (Gorman et al. 2001; Yan et al. 2010; Noguchi et al. 2018) 

On the other hand, entrainment to extreme T-cycles lacks the characteristic large phase 

angle modulation (Gorman and Elliott 2019) and period after-effects predicted by classical non-

parametric entrainment theory (Pittendrigh and Daan 1976a; Granada et al. 2013). This 

suggests that the enhanced circadian plasticity described above may differ mechanistically from 

classical entrainment. Study 1/Jitter, therefore, aimed to find evidence of oscillator-driven 

behavior in T24LDLD, T30LDLD, and T36LDLD. Transient misalignment following a rapid 

change in the phase of a zeitgeber is indicative of a slow-shifting oscillator. Hence, mice in 

Study 1/Jitter were exposed to repeated phase shifts, while the prevalence and magnitude of 

transients in onsets and offsets of behavior were scored. Any diminution of transients would be 

interpreted as behavior being controlled by light directly or an extremely rapidly shifting 

oscillator, rather than by the conventional strong oscillator believed to be the core of mammalian 

circadian rhythmicity. 
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Study 1/Jitter - Results 

Male and female mice were exposed to a standard laboratory photoperiod (14h light, 

10h dark; LD14:10) as a control or one of three experimental light-dark cycles. All three 

experimental conditions were first bifurcated in a 24h light:dark:light:dark (LDLD) cycle. One 

group remained in that condition (T24LDLD) and the other two groups were subsequently 

exposed to 30 or 36h LDLD conditions (T30LDLD and T36LDLD, respectively) as illustrated for 

representative animals in Figure 3.1. Each of these animals remained very well-adapted to the 

light-dark cycles throughout the experiment, as evident from little activity in the light, and no 

visible free-running components. A measure of equality of division of activity between alternate 

scotophases in LDLD, the Bifurcation Symmetry Index (BSI; (Harrison et al. 2016)), indicated 

that mice were well-bifurcated during the first phase of the experiment (0.71±0.08 and 

0.56±0.11 for females and males respectively; t(10.0) = 1.14; p = 0.28). A complementary 

measure that quantifies behavioral adaptation in T-cycles, Entrainment Quotient (EQ; (Harrison 

et al. 2016)), showed that mice were likewise well-adapted in T30 baseline (0.96±0.02 and 

0.83±0.06 for females and males) and T36 baseline (0.97±0.01 and 0.91±0.05 females and 

males). Considering data from the two non-24h conditions, EQ-values were significantly higher 

in females than males (F(1,28) = 5.93; p < 0.05), but did not differ between T30 and T36 

(F(1,28) = 1.32; p =  0.26), and there was no interaction between T-cycle and sex (F(1,28) = 

0.77; p = 0.39).  

After stable entrainment in baseline, mice were exposed to alternating phase delays and 

phase advances of 2 and 4h each. In the three LDLD conditions, only every second scotophase 

was phase-shifted. Figure 3.2 represents average activity onsets and offsets following delaying 

and advancing phase shifts for each of the 4 lighting paradigms. Following a 2h phase delay in 

LD (Fig. 3.2A), onsets were delayed on the first shift, showed no transients over three days, and 

appeared to be negatively masked by lighting. On the other hand, activity offsets after the first 
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shift were delayed by approximately 1h, but also showed reliable transients, such that they were 

delayed by an additional 22 minutes on subsequent days. The opposite pattern was observed 

following a 2h phase advance, where onsets showed a first-day advance of 1.25h and additional 

transients of 15 minutes per day, while activity offsets coincided with the light transition. During 

the 4h phase shifts, a comparable pattern of re-entrainment was observed, but delaying and 

advancing transients were 35 and 25 minutes per day, respectively. In contrast, in all other 

conditions transients phase shifts in onsets and offsets were largely complete on the first day 

and transients were absent or minimal (7 and 8 min changes, respectively after 4h advance in 

T24LDLD (Fig. 3.2B) and 4h delay in T30LDLD (Fig. 3.2C)). No significant transients were 

observed in T36LDLD (Fig. 3.2D). If, as theorized elsewhere (Gorman and Elliott 2003; Gorman 

and Steele 2006), behavior in the LDLD conditions was controlled by strongly-coupled dual 

oscillators under mediating alternate bouts of activity, we anticipated that phase shifting one 

scotophase (N1) may exert spillover effects on the other (N2). Activity onsets in N2, however, 

did not display any differences in phase angles regardless of phase of N1, except a small 

relative delay in activity onsets (Δ9±3 min compared to baseline) after 4h delay in T24LDLD 

(Fig. 3.2).  
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Figure 3.1. Representative double-plotted actograms of mice in Study 1/Jitter that were 
exposed to T24LD (14:10; A), T24LDLD (7:5:7:5; B), T30LDLD (10:5:10:5; C), or T36LDLD 
(13:5:13:5; D), all with dimly illuminated scotophases (<0.1 lux). The second, third and fourth 
rows contain blow ups of the baseline, and repeated 2h and 4h phase shifts respectively. Wheel 
running activity is shown in black and scotophases are indicated by gray shading. Each line is 
scaled from 0–100 revolutions per minute.  



40 
 

 

Figure 3.2. Average activity onsets and offsets in Study 1/Jitter for animals entrained to T24LD 
(A), T24LDLD (B), T30LDLD (C), and T36LDLD (D). Onsets and offsets were averaged across 
the last 10 days of baseline, and across 5–7 repeats of 2h and 4h phase shifts each. Error bars 
representing SE for onsets and offsets are obscured by data points (all < 20 min). Scotophases 
are indicated by gray background. Significant slopes (min±SE/day) (i.e. “transients”) are 
indicated by a lowercase letter: a:22±4, b: -15±2, c: 7±2, d: 35±6, e: -25±3, f: -7±3, g: 8 ±3. 
Positive slopes indicate onsets/offsets occurring later. Significant phase angle differences 
(min±SE) compared to baseline are indicated with special characters: #: 9±3. Positive phase 
angles mean later onsets than baseline. Note the large transients in T24LD (a,b,d,e), but the 
lack thereof in all other experimental conditions. 
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Study 2/DuPont - DuPont work schedule with bifurcation 

A DuPont Schedule is a common working schedule in U.S. manufacturing and involves 

alternating blocks of 3–4 12h day and night shifts, with non-working recovery days between 

different shift types. Under normal circumstances, the circadian system simply cannot adapt to 

the phase adjustments required to work such a schedule (Smith and Eastman 2012), but 

bifurcation in rodents has the potential to greatly enhance readjustments to large phase shifts 

(Harrison and Gorman 2015). In addition, Study 1/Jitter showed that with bifurcated behavior 

mice can rapidly adapt to repeated phase shifts. Therefore, in Study 2/DuPont we tested 

whether experimental entrainment conditions with bifurcation can facilitate adjustment to a 

simulated DuPont work schedule. Under LDLD conditions, this necessarily includes adjustments 

in the phase angle between the twice-daily scotophases, because a symmetric T24LDLD cycle 

with short photophases (such as LDLD8:4:8:4) does not allow for a long, 12h work shift. Thus, 

mice in LD were compared to mice in three alternative scheduling strategies with bifurcation, 

each approaching the rotation between simulated day and night work-shifts differently. All 12h 

“work” blocks were scheduled during the photophase, as they would be for diurnal humans. In 

nocturnal mice, that means that “work” is analogous to scheduling inactivity expected for the 

subject day. Additionally, successful adaptation to a shiftwork schedule in humans includes 

efficient sleeping during changing dark intervals. Thus, one goal of this study in a nocturnal 

rodent model was to produce an entrainment pattern where locomotor activity (a marker of 

subjective night) was absent from Work Blocks 1–4 (red boxes in Fig. 3.3), but instead occurred 

robustly in scheduled scotophases (shaded lightly in Fig. 3.3). Combining these two concepts, 

Percent Activity in the Light can be used as a good indication of overall adaptation (Brown et al. 

2019). 



42 
 

Study 2/DuPont - Results 

Prior to evaluating adjustment to a simulated DuPont schedule, mice were entrained 

conventionally to LD16:8 (control) or bifurcated in LDLD8:4:8:4 and assigned to one of three 

experimental conditions (n = 6/group). Figure 3.3 depicts a representative actogram from each 

schedule employed in Study 2/DuPont. The conventionally entrained LD16:8 mice 

demonstrated predictable shortcomings in adjusting to the changing LD cycle: During the first 

set of simulated night work shifts (Work Block 1), the representative animal showed significant 

persistence of subjective night behavior that diminishes over four cycles. The dark periods 

following these simulated night shifts included robust locomotor activity, but activity stopped well 

before the end of darkness on the first two nights. There was poor adaptation, moreover, in the 

adjustment of activity in the first cycle after return to conventional hours, though rest/activity 

rhythms were largely well-adapted for Work Block 2, which simulates day-work. In Work Block 3 

(night-shifts), there was greater intrusion of nocturnal behavior than in Work Block 1. Dark 

periods after these night shifts had diminished and sporadically-timed activity, indicative of poor 

adaptation. In Work Block 4, there was good adaptation, as with the previous simulated day-

work. 

The three experimental groups that incorporated rhythm bifurcation tested alternative 

approaches to accommodate the work schedule. On “days off”, the first bifurcation group was 

designed to keep the two 4h-scotophases in antiphase (Anti), previously hypothesized to be the 

most stable form of bifurcated entrainment (Gorman and Steele 2006). The second group aimed 

to keep the phase relationship between the scotophases at LDLD12:4:4:4 or LDLD 4:4:12:4 

(Phase), to limit the total number of required phase adjustments. For the third group, large 

phase shifts were replaced by incremental 2h-steps (Step), as gradual rather than abrupt shifts 

have been recommended for human rotating shiftworkers (Eastman 1990). The representative 

mice in Anti, Phase, and Step (Fig. 3.3B, 3.3C and 3.3D, respectively) all appear comparatively 
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well-adapted throughout the experiment and show high alignment of activity with the imposed 

light-dark cycle during baseline, on simulated work days, and on days off. On average, baseline 

BSI-values were high for the three LDLD groups and did not differ from each other (0.69±0.07, 

0.83±0.02, 0.82±0.04 for Anti, Phase and Step respectively (F(2,15) = 2.53; p = 0.11).  

Because groups were different and continuously changing, simple metrics were used to 

quantitatively compare the successful adaptation to the DuPont schedule. First, during the 28-

day simulated work shift protocol, activity in the light was not different between groups, including 

LD (0.05±0.02, 0.04±0.01, 0.07±0.02 and 0.12±0.05 for LD, Anti, Phase and Step 

respectively, (F(3,20) = 1.3; p = 0.30). Additionally, no differences between all groups in 

average deviations on days off were found (Fig. 3.4, F(3,20) = 2.50; p = 0.08). On work-days, 

however, LD displayed a large mismatch, with activity starting 4.0±0.2h away from lights-off 

(Fig. 3.4), while LDLD groups all showed an average mismatch of less than 1.5h (1.4±0.2, 

1.0±0.1, 1.4±0.2h for Anti Phase and Step respectively; F(3,20) = 49.4; p < 0.0001; post hoc 

group comparisons depicted in figure). 

 

Figure 3.3. Representative actograms from mice in LD (16:8; A), and LDLD (8:4:8:4) schedules 
designed to maintain antiphase scotophases (Anti; B), stable phase angles between 
scotophases (Phase; C), or gradual transitions for phase shifts (Step; D). All scotophases were 
dimly illuminated (<0.1 lux). For more details on lighting schedules see methods. Superimposed 
red boxes, single-plotted, represented required work times (Work Blocks 1–4) in a DuPont 
schedule. In the middle of the experiment a technical failure caused the lights to be off for 48 
consecutive hours for group B. Those days were excluded from all analyses, and this did not 
appear to disrupt behavior after the issue was resolved. Notably, activity in the three LDLD 
groups appeared to adjust rapidly to the frequent changes in the light schedule. 
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Figure 3.4. Average absolute phase angles of activity onsets to lights off for mice in Study 
2/DuPont on “work days” (left) and “days off” (right). Post hoc group comparisons are indicated 
with lower-case letters under the groups. Groups that share the same letter were not 
significantly different from each other. On work days, LDLD groups significantly differed from 
LD. 

Study 3/Continental - Rotating work hours using T-cycles. 

Study 2/DuPont demonstrated that in bifurcation N1 and N2 need neither a stable phase 

nor phase relationship to maintain entrainment, and that bifurcation facilitated adjustment of 

wheel activity according to a pre-determined “work schedule”. Study 3/Continental extended 

these findings by testing if a strategy with T-cycle entrainment can also be used to schedule 

wheel activity according to human shiftwork paradigms. A T30 (LDLD10:5:10:5) entrainment 

paradigm allows mice to start activity 6h later each consecutive day, which could allow a 

shiftworker to work different shift types on successive days. Therefore, this strategy would be 

particularly suited for a work schedule involving quickly rotating work times. Here, we used an 

adapted version of a “Continental” rotating shift schedule, in which real workers rotate between 

8h day, swing, night shifts with days off. Specifically, five 24h work days (120h) were replaced 

with four 30h cycles (120h), to allow efficient rotation between different shift types throughout 

the week. Each 30h cycle was an LDLD cycle, which allowed two 10h subjective days (one for 

work and one personal) and two 5h subjective nights for sleep. These work-days were 
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alternated with two 24h weekend days, which allow diurnal days off for the theoretical 

shiftworker (a social requirement for many). Because we hypothesized that bifurcation was 

needed to maintain entrainment, in the first phase of the study, weekend days were 

LDLD7:5:7:5, while in the second phase this hypothesis was tested by substituting the LDLD 

weekends with LD14:10. Mice were exposed to these hybrid T-cycle paradigms with either dimly 

lit nights following a history of bifurcation — conditions designed to facilitate behavioral 

adaptation — or with dark nights without the bifurcation-history. The latter condition is typical for 

laboratory rodents in chronobiological studies. Adaptation was quantified using wavelets and 

activity in the night. Again, as mice are nocturnal, evidence of good adaptation was absence of 

activity in the light and presence of activity in the dark. 

Study 3/Continental - Results 

Figure 3.5 shows an example actogram from one animal from each group, with all wheel 

data plotted modulo 24h (Fig. 3.5A/5D) and modulo 30h (Fig. 3.5B/5E). As anticipated, dim light 

at night during the stable T-cycles in baseline (Phase 0: top lines in actogram) predicts 

entrainment, while animals with dark nights mainly fail to entrain. Corroborating the represented 

individuals, average EQ-values were 0.92±0.03 and 0.67±0.10 for dim and dark, respectively 

(F(1,20) = 21.2; p < 0.001), with females displaying higher EQ-values (0.93±0.02) than males 

(0.70±0.09; F(1,20) = 17.6; p < 0.001). 

In Phase 1, all mice were exposed to alternating T30LDLD work weeks and a T24LDLD 

weekend. The representative dim light animal in figure 3.5D/E showed adaptation to both 

weekend schedules (best visible in modulo 24h; Fig. 3.5D) and work-week (best visible in 

modulo 30h; Fig. 3.5E) as evident from low activity levels in the light and dominant wavelet-

periods alternating between 12 and 15h (Fig. 3.5F). The dark-night animal, on the other hand, 

predominantly showed free-running rhythms (best visible in modulo 24h; Fig. 3.5A, Fig. 3.5C). 

Adaptation in Phase 1 of the experiment was highly predictive of behavioral adaptation in Phase 
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2, where weekend days were un-bifurcated, meaning that free-running animals — a group 

largely consisting of animals from the Dark condition — continued to free-run, while animals that 

were behaviorally adapted — mainly from the Dim condition — maintained adaptation. 

Wavelet analysis can evaluate periodicity at any point along a time series, as is shown 

for the illustrative animals in Figure 3.5C/F. Wavelets were used to extract the dominant 

rhythms in wheel running for each 2–4 day block of the schedule by taking a point estimate from 

the middle of the window. Period estimates generally fell categorically into entrained (i.e. 

matching the zeitgeber period) and free-running (i.e. > 24h period) values with very few 

estimates in between (Fig. 3.6). The mice in Dark conditions predominantly display free running 

rhythms, while mice with Dim nights mainly show rhythms matching the light-cycle (generalized 

linear mixed effect model; all p < 0.05). The only exception is the 24h LD weekends in Phase 2, 

where entrained and free-running animals produce overlapping distributions, but the period for 

animals with dark nights was significantly longer than for animals with dim nights (25.7±0.3 vs 

23.5±0.2h; F(1,20) = 38.56; p < 0.0001). 
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Figure 3.5. Illustrative double-plotted actograms and wavelet ridge-plots for 2 animals from 
Study 3/Continental. Mice were exposed to alternating T24LDLD (7:5:7:5) and T30LDLD 
(10:5:10:5) cycles in phase 1 and T24LD (14:10) and T30LDLD (10:5:10:5) in phase 2, see 
methods. Data for an animal with dark nights is plotted modulo 24h(A) and modulo 30h (B), and 
data for an animal in the dim night condition (<0.1 lux) are plotted in (D) and (E) for modulo 24 
and 30h respectively. Blow-ups at the bottom of each panel represent the first T30 work-week. 
Red boxes represent a time where 4 delaying 10h work shifts could be scheduled. Wavelet 
ridges for the animals with dark nights and dim nights are plotted in (C) and (F) respectively. 
Vertical gray lines are at 12, 15, 24 and 30h. Values in the ridge plots for animals in F alternated 
rapidly and almost completely between the values matching the changing zeitgebers (12 and 15 
in Phase 1 and 15 and 24 in Phase 2), indicating maintenance of entrainment throughout the 
protocol. Values in C on the other hand did not follow the period of the light cycle. 
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Figure 3.6. Dominant wheel running periodicity based on wavelet analyses. For each animal, 
the main period is extracted for each week/weekend separately, therefore each animal is 
represented in each panel 4 times. Horizontal dashed line indicates the period of the light-dark 
cycle, and “}” indicate data points consistent with entrainment. Points deviating from the dotted 
lines are likely reflective of non-entrained animals, but this is not decisive because some 
animals could have entrained by frequency demultiplication. Number inside the graph indicates 
the number of data points in each cluster. In T24LDLD weekends and T30 workdays animals 
with Dim spent more time entrained that animals in Dark. Significant group differences are 
indicated by *. 

In addition to the wavelet rhythmicity in activity, timing of activity in relation to light-cycles 

was scored. During T24Baseline, activity in the light did not differ by group or sex (Fig. 3.7E), 

but during this phase mice with dark nights were still in LD14:10, while mice with dim nights 

were in LDLD7:5:7:5. In all other phases, activity in the light was greater in Dark than Dim (all p 

< 0.01), and did not differ depending on sex, but sex and condition did interact such that males 

with dark nights had more activity in the light (all p < 0.05). 
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As in Study 2/DuPont, activity in the light was measured; however, it is sensitive to 

negative masking. Therefore, we also measured activity in the dark. If a mouse is well-adapted, 

the full scotophase would be expected to be filled with activity. More importantly, each week- or 

weekend-day would be expected to have the same respective activity profile. A mouse that is 

free-running, but masked by the LD cycles, would be expected to have different activity profiles 

in subsequent weekends depending on the relative phase between internal free-running 

rhythms and the LD-cycle. Figure 3.7 represents activity profiles of T24LDLD weekends (Fig. 

3.7B), T24LD weekends (Fig. 3.7C) and of all T30 weeks in between (Fig. 3.7D). Animals are 

sorted based on subjective entrainment. Animals in Dim showed large agreement between 

weekends, as apparent by near-identical patterns across repeats, while Dark animals showed 

more of a “checkerboard pattern”, indicative of irregular weekend behavior.  
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Figure 3.7. Wheel running activity profiles for each individual in Study 3/Continental from LDLD 
weekend (B), LD weekend (C) and T30 weekdays (D). A blow-up of the first animals in LDLD 
weekends/Dark is shown in (A). Each block represents 4 (A/B/C) or 8 (D) weeks of data from a 
different animal. Animals were ranked subjectively from worst to best adapted (1-14, listed on 
the right side of the panels). Within each block, each line represents the averaged activity 
profiles for 2 T24 weekend (A/B/C) or 4 T30 week (D) days. Only activity above the daily 
average is plotted. Intensity of the color represents number of half-wheel revolutions per 6 min 
bin. (E) Average percent activity in the light for each condition represented as mean±SE through 
the experiment. Activity profiles of animals in Dim were more consistent from week to week and 
showed less activity in the light compared to animals with Dark nights.  
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Discussion 

Summary 

Baseline BSI and EQ values corroborate earlier reports that mice are capable of 

behavioral adaptation to extreme light dark cycles (Study 1–3), that dim light at night facilitates 

flexible entrainment (Study 3) and that females, on average, adapt to extreme T-cycles better 

than males (Study 1,3). Furthermore, in Study 1/Jitter, mice in 24hLDLD, T30LDLD, and 

T36LDLD adjusted wheel running activity to a phase shifted light-dark cycle on the first day, 

while mice in T24LD show expected transient misalignment in activity onsets and offsets 

following phase advances and delays respectively. In Study 2/DuPont, bifurcated mice in 

T24LDLD adjusted their behavior to schedules designed to simulate a DuPont working 

paradigm better than un-bifurcated animals. Lastly, in Study 3/Continental mice provided dim 

light at night were capable of adjusting behavior to rapid and frequent changes in T-cycles and 

this could be used to simulate rotating shiftwork with diurnal days off, while mice with dark 

nights mainly failed to adjust. Combined, these studies expand the characterization of flexible 

entrainment associated with bifurcation and T-cycles and strengthen the support for translation 

to aid shiftworkers with their schedules. 

Building rodent shiftwork models 

Rodent models of human shiftwork typically assess consequences of circadian 

disruption similar to that observed in human shiftwork, applying a variety of approaches 

including forced work during the normal rest phase (e.g. Saderi et al. 2019), chronic jetlag (e.g. 

Oike et al. 2015) and non-entraining T-cycles (e.g. Karatsoreos et al. 2011). Few studies 

compare alternate schedules to minimize circadian disruption (McGowan and Coogan 2013), 

and we are aware of no study testing different strategies to achieve a common simulated work 

schedule in animal models. For Study 2/DuPont and 3/Continental, we therefore developed a 

strategy where we aimed to evaluate and compare light-dark scheduling practices designed to 
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avoid misalignment. We deployed protocols where adaptation to a predetermined simulated 

“work-schedule” on both days-on and days-off was quantified. This novel approach allows for 

efficient comparison of alternative scheduling paradigms that are otherwise hard to compare 

because of the dynamic nature of such experiments.  

Using this method in Study 2/DuPont, three bifurcation-based schedules were compared 

to an LD cycle for adaptation. Because the LD group had the most consistent schedule, with 

only two adjustments in activity for night-time work-blocks and no further phase shifts on days 

off, mice in the control group tended to better alignment on days off than LDLD animals. Despite 

having more phase shifts (as many as 15 in Step Group) and changing photophase duration 

and phase angles between scotophases, bifurcated mice not only maintained entrainment 

throughout the experiment, but outperformed un-bifurcated controls on work-days. Because no 

differences were observed between the LDLD groups, invariant phase angles or minimization of 

the number and magnitude of phase shift appear to be unimportant considerations for achieving 

successful adaptation. Human shiftworkers often break up sleep to accommodate for family and 

other activity (Akerstedt 2003). Given the variety of bifurcation-based schedules that support 

adaptation to shiftwork schedules, rhythm bifurcation might grant freedom to schedule sleep as 

desired without sacrificing quality. 

While Study 2/DuPont improved alignment to a DuPont schedule, other schedule types 

are perhaps more common. Study 3/Continental used T-cycles to test adaptation to a delaying 

rotating shift schedule (modified Continental) with normal weekend days. Indicators of 

successful adaptation revealed that mice with nocturnal dim light can adjust behavior to match 

frequently changing periods. Because bifurcation on weekends is not necessary to maintain 

adaptation on work days, hypothetical shiftworkers could remain flexible in how to structure their 

days off. Together, these experiments show that both bifurcation and T-cycles can be used to 

schedule rest/activity around a variety of very different simulated real-world shiftwork schedules, 
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without loss of alignment of activity with the light-dark cycle. The scheduling of activities around 

a given work schedule, despite being one of the few areas of control for the worker, has 

received little attention historically (Gamble et al. 2011; Petrov et al. 2014). Proactive scheduling 

strategies such as those reported here, might serve as an alternative or even complementary 

approach. Future studies could directly compare bifurcation and T-cycles and examine the 

extent to which they might augment one another. Additionally, adaptation may be further 

improved using timed feeding (Patton and Mistlberger 2013), exercise (Edgar and Dement 

1991), or other known zeitgebers in addition to light. Furthermore, studies could investigate the 

consequences for adaptation of extended intermittent periods of normal T24LD entrainment 

(e.g. long weekends, vacations). Additionally, a Continental shiftwork schedule calls for 8h 

delays between subsequent shifts, while T30 only allows for 6h delays daily. Because no 

qualitative differences between T30LDLD and T36LDLD were found in Study 1/Jitter, we 

anticipate these findings could be easily extended to a T32 schedule (8h delays daily), but this 

should be empirically tested. 

The current studies served as a proof of concept that behavioral misalignment is not an 

inevitable consequence of shiftwork schedules. Behavioral adaptation does not require 

minimally changing and near 24h conditions. With bifurcation and dim light, the overall level of 

adaptation to challenging schedules was greatly increased, even if some animals under such 

conditions were not ideally adapted. There is little reason to assume that our lighting conditions 

and schedules were optimal for enhancing circadian flexibility. We have only just begun to 

evaluate parameters of the lighting environment on entrainment flexibility primarily in T24 LDLD, 

but see Sun et al. 2019. Factors that predict entrainment to LDLD or T-cycle paradigms include 

sex, age of the animal and light parameters like duration and intensity (Evans, Elliott, et al. 

2012; Harrison et al. 2016; Walbeek and Gorman 2017; Sun et al. 2019; Walbeek et al. 2019). 

The superior entrainment flexibility in females observed here (in Studies 1 and 3) corroborates 
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previous findings from our lab (Walbeek and Gorman 2017; Walbeek et al. 2019), but is 

seemingly opposite that reported in humans where males may have higher tolerance than 

females as reflected in self-reported level of complaints related to sleep or health (Saksvik et al. 

2011), but see (Nachreiner 1998). Mechanisms underlying sex differences in entrainment 

flexibility in our studies have not yet been investigated. Other individual differences in humans 

that correlate with shiftwork tolerance include chronotype, age, family structure, and certain 

personality traits (Ritonja et al. 2019). Awareness of these individual differences, however, has 

not yet resulted in individualized or actionable solutions to aid shiftworkers. Mouse studies with 

well-defined shiftwork adaptation endpoints may help distinguish biological factors from social 

covariates to inform such solutions. 

The current report identifies interventions to reduce behavioral misalignment, but the 

long term health consequences in any of these extreme lighting paradigms are yet to be 

investigated. Few formal studies have been published yet, but preliminary observations are 

encouraging. For example, mice that are successfully entrained in a variety of non-24h 

conditions in our lab do not seem to develop an obesity phenotype (Walbeek and Gorman 2017; 

Walbeek et al. 2019), and do not have impaired reproductive function ((Evans and Gorman 

2002) and unpublished data) as seen in circadian disruption models (Evans and Davidson 

2013). Lastly, unlike mice in a simulated jetlag protocol, bifurcated mice do not have deficits in 

cued memory retrieval in Pavlovian fear conditioning (Harrison et al. 2017). Even if long term 

health were not improved, flexible adaptation might alleviate acute effects of shiftwork by 

improving alertness on the job or the ability to get quality sleep between shifts. 

Mechanisms of behavioral adaptation 

The flexible entrainment to extreme lighting conditions observed here is exceptional and 

far beyond traditional limits of entrainment (Daan and Aschoff 2001). By what mechanism are 

mice able to adapt their behavior to these highly artificial schedules? A variety of studies with 
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different light cycles and species show converging evidence that an explanation of simple 

masking can be rejected in favor of a true reorganization of the circadian system (Gorman et al. 

2001; Gorman and Elliott 2003; Rosenthal et al. 2005; Watanabe et al. 2007; Yan et al. 2010; 

Raiewski et al. 2012; Harrison and Gorman 2015; Evans and Gorman 2016; Harrison et al. 

2016; Gorman et al. 2017; Walbeek and Gorman 2017; Noguchi et al. 2018; Sun et al. 2019). 

Whereas Study 2/DuPont and 3/Continental took a phenomenological approach to explore 

overall entrainment under complex photoperiod regimes, Study 1/Jitter was designed to test 

specific entrainment hypotheses by evaluating oscillator characteristics in bifurcation and T-

cycle entrainment in two ways. First, does bifurcation make the system more responsive to light 

changes? In traditional entrainment, phase shifts induce transient misalignments between 

behavior and zeitgeber. These transients are a characteristic of oscillator-driven behavior, and 

an observable manifestation of the slow rate of adjustment of the central pacemaker after a 

schedule change. If behavioral adaptation in LDLD relies on similar mechanisms as classical 

entrainment, transients would be expected in wheel running activity in N1. Because in none of 

the three LDLD conditions did we find transients comparable to those in T24LD, LDLD 

entrainment renders the system more resettable. The phase shifts in activity onsets on the first 

day in response to a phase advance may be a reflection of a resetting action of dark onset 

and/or incomplete adaptation in this rapidly cycling pattern of advancing and delaying shifts. 

With respect to transients, changing the T-cycle from 24 to 30 or 36h did not qualitatively 

change regulation of behavior. These results complement findings of enhanced phase-resetting 

in hamsters to simulated time-zone travel (Harrison and Gorman 2015) and extend the 

observation to T-cycle entrainment.  

Second, is entrainment in LDLD affected by strong oscillator interactions? If activity in 

alternating scotophases in non-24h LDLD were controlled by antiphasic coupled oscillators, as 

has been proposed in T24LDLD (Gorman and Elliott 2003; Gorman and Steele 2006), phase 
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shifts in N1 would be expected to also alter activity onsets in N2. The overall independence of 

activity in N2 from changes in N1 suggests a lack of strong functional interactions between 

multiple oscillators in these paradigms. The small delay in activity onsets in N2 following a 4h 

delay in N1 in T24LDLD is the only spillover effect observed. Because in earlier reports with 

asymmetric 24h LDLD cycles the dependence of N1 and N2 was in the opposite direction 

(Gorman and Steele 2006), we can not reject a more parsimonious interpretation that these 

spillover effects reflect homeostatic mechanisms: with the 4h N1 delay, there are only 5h of rest 

between N1 and N2, which may contribute to the small delay in activity onset in N2. Overall, 

there is no compelling evidence of interacting oscillators in LDLD nor in T30 and T36. 

Combining the observations from all studies, activity rhythms during or following 

bifurcation and extreme T-cycles appear to be more directly controlled by light than driven by a 

strong underlying circadian oscillator. At the same time, an explanation of only positive and 

negative masking of a strong oscillator driving behavior in these conditions has also been 

rejected by prior evidence (Gorman et al. 2001; Gorman and Elliott 2003; Rosenthal et al. 2005; 

Watanabe et al. 2007; Yan et al. 2010; Raiewski et al. 2012; Harrison and Gorman 2015; Evans 

and Gorman 2016; Harrison et al. 2016; Gorman et al. 2017; Walbeek and Gorman 2017; 

Noguchi et al. 2018; Sun et al. 2019) as well as by the lack of 24h rhythmicity in Study 

3/Continental (Fig. 3.6). Therefore, we propose an alternative explanation that remains to be 

empirically tested. While in T24LDLD behavior might be driven by two dissociated circadian 

oscillators, potentially in subregions of the SCN (Evans and Gorman 2016), under extreme T-

cycle entrainment, behavior may be uncoupled, wholly or partially, from its normal circadian 

regulators. Decoupling or partial entrainment of multiple circadian oscillators had been 

demonstrated rodents in T-cycles (de la Iglesia et al. 2004; Anglès-Pujolràs et al. 2007; 

Casiraghi et al. 2012; Walbeek and Gorman 2017). To date, among the best-entrained animals 

in our studies with dim light and T-cycles, there is no evidence of a freerunning circadian 
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oscillator that continues to keep track of 24h time while behavior is adapted to extreme light 

cycles. Moreover, upon release in DD, animals rapidly reverted to typical free-running periods 

with a phase determined by the time of release, rather than at random phases as would be 

expected from a free-running circadian oscillator or at a specific time which would be predicted 

by an entrained 24h-oscillator (Harrison et al. 2016; Walbeek and Gorman 2017; Sun et al. 

2019). Although our neurobiological investigations have not yet included T-cycles, in bifurcation, 

clock gene expression in the SCN shows dampened rhythmicity and strong resetting (Noguchi 

et al. 2018). Recently, another group reported similar enhanced resetting of SCN PER2::LUC 

rhythms in mice exposed to T-cycles without successful entrainment (Leise et al. 2018). 

Neurobiological studies in progress will test alternative mechanistic hypotheses. Light 

manipulations, in other context, have also led to increased circadian resetting, for example 

photoperiod manipulations (Glickman et al. 2012; Glickman et al. 2014; Ramkisoensing et al. 

2014) or short exposure to constant light (Kaur et al. 2009). Furthermore, both VIP treatment 

(An et al. 2013) and a serotonin receptor antagonist, NAN-190, (Kessler et al. 2008) have been 

shown to increase the speed of re-entrainment following a phase shift. Whether dim light-

induced enhanced circadian plasticity relies on overlapping mechanisms with any of these 

remains to be determined. 

Conclusion 

Together, the present studies demonstrate that entrainment in these exotic interventions 

is regulated by mechanisms that are distinct from classical entrainment. Furthermore, 

adaptation is compatible with multiple large perturbations as often occurs in real-world shiftwork 

settings. Therefore, bifurcation and T-cycle paradigms may have translational potential to aid 

shiftworkers in coping with complex schedules. 
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Methods 

Nomenclature 

In non-traditional light-dark paradigms like the ones studied here, standard circadian 

nomenclature is ill-suited to characterize the complexity of the schedules. In this report, 

zeitgeber period is noted with a T (e.g. T24 for a 24h cycle). Because prior characterization of 

bifurcation in T24LDLD demonstrated a 24h organization (Gorman and Steele 2006; Yan et al. 

2010), the LDLD notation is preferred over the logically equivalent T12LD. In T30LDLD and 

T36LDLD, which are formally equivalent to T15 and T18, on the other hand, no evidence of 30 

or 36h oscillations has yet been found both in current and prior studies (Harrison et al. 2016; 

Walbeek and Gorman 2017). Regardless, because of the asymmetric design in phase shifts 

between N1 and N2 in Study 1/Jitter, the LDLD notation is used there. For consistency, the 

same notation is used in Study 3/Continental.  

Housing and lighting 

During all experiments, mice (C57BL/6) were singly housed in shoebox cages 

(28×18×17 cm) and provided with a running wheel (13 cm diameter). Cages were placed in 

light-tight, ventilated chambers that fit up to 16 cages each. Chambers were equipped with 

fluorescent lamps that provided 327 ± 162 lux at the cage level during photophases, and dim 

green LEDs (555±23 nm) that could provide illuminance no greater than 0.1 lux (irradiance of 

3.90 × 10-5 W m-2) in the brightest parts of the cage during the scotophase. Use of dim lights is 

indicated in experimental details and denoted as LDark or LDim. Room temperature was 

continuously monitored and regulated at 22±2 °C. Food (Mouse Diet 5015; Purina, St. Louis, 

MO) and water were provided ad libitum and wheel-running activity was recorded continuously 

(VitalView Version 4.2, Mini-mitter, Bend OR) as the number of half wheel revolutions per 6 min 

bins. Before the experiments, mice were co-housed with same-sex siblings (3–4 per cage) in 

the colony in LDark14:10 without a wheel. At the end of the experiments animals were humanely 
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euthanized. All experiments received approval of the Institutional Animal Care and Use 

Committee, University of California, San Diego before being conducted and followed all 

university guidelines.  

Quantitative assessments of entrainment and analyses 

To objectively quantify behavioral adaptation to extreme light-dark cycles, two metrics 

were deployed. First, for evaluating bifurcation in 24h LDLD cycles, the Bifurcation Symmetry 

Index (BSI) quantifies symmetry in the distribution of activity between alternate scotophases. 

For each 24h-cycle, the scotophase (N1 and N2) with the lesser number of activity counts is 

determined. The sum of all activity counts in that dark interval is then divided by the total activity 

across 24h (Total24) and multiplied by 2 (Daily score = 2 * min(N1,N2) /Total24). Daily 

symmetry values are then averaged across 10 days to yield a BSI score. This provides an 

objective measure ranging from 0 (all activity consolidated in one of the two nights) to 1 

(completely symmetrical activity). Any light-time activity — which in large amount indicates poor 

entrainment — also lowers BSI.  

Similarly, for non-24h light-dark cycles, an Entrainment Quotient (EQ) was calculated to 

evaluate behavioral adaptation to the zeitgeber period. Using 10 24h-days of wheel-running 

data, Lomb Scargle periodograms were created to evaluate rhythmicity at any period. Peak 

periodogram power (PPP) at the period of the LD cycle (e.g. 18h in T18) is an indicator of 

entrained behavior (PPPentrained), while peak periodogram power in the circadian range (i.e. 23–

26h) is an indicator of non-entrained, or free-running components (PPPcircadian). EQ is calculated 

by dividing PPPentrained by the sum of both: (EQ = PPPentrained / (PPPentrained + PPPcircadian). EQ 

gives an objective evaluation of fully entrained (EQ approaches 1) or free-running (EQ 

approaches 0) behavior. Free-running rhythms combined with negative and positive masking 

(induced by light and dark, respectively) will likely result in intermediate EQ values. 
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Study 3/Continental used fast-changing T-cycles, which do not allow for sufficiently long 

stable behavior needed for EQ determinations. Therefore wavelet analyses were used to 

evaluate the period of the dominant frequency at each point in time. Clocklab was used to 

perform wavelet analyses using the default settings (Start: 2h; End: 30h; Step: 0.1h; Cycles: 8; 

Sigma; 2, Bin: 6min). Ridge data — consisting of the highest power period at each point in time 

— were extracted from the full frequency spectrum. For each mouse, the dominant period for 

each 120h work-week and 48h weekend block was extracted by taking the average ridge value 

from the 6h surrounding the midpoint of the window. Entrainment was defined as dominant 

period within T-cycle period ±1h.. 

Activity onsets and offsets were eye-fitted in ClockLab. Activity was recorded using 

VitalView. Periodogram-analyses and the creation of actograms were performed using 

ClockLab version 2.72, while wavelet analyses were done in ClockLab version 6.0.26. All other 

statistical analyses and plotting were done using R. 

Study 1/Jitter 

4.4.1. Stable entrainment 

Group-housed male and female mice from the colony (5–11 weeks of age) were moved 

to single housing with running wheels during the first 2h of the light-phase, and divided into four 

groups. The first group (LD; n = 10, half female) was exposed to 14h of bright light and 10h of 

dimly illuminated relative darkness (LDim14:10). The other three groups were exposed to 

LDimLDim7:5:7:5 (Table 1). For the transition to LDLD, animals were placed in darkness (with 

dim light) for 5h (N1) at the end of the 2h transition window then 7h of photophase, followed by 

another dark phase (N2) that started at time of original lights off, but was truncated. After 2 

weeks of LDLD, the three groups were separated: one group (Bifurcation, n = 14, half female) 

remained on LDimLDim7:5:7:5; a second group (T30, n = 16, half female) was exposed to 

LDimLDim10:5:10:5;  and a third group (T36, n = 16, half female) was exposed to 
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LDimLDim13:5:13:5. Both light-schedule transitions were implemented by extending the 

photophases while always keeping every scotophase 5h. 

Repeated phase shifts  

After 2 weeks, mice were stably entrained. Animals in group LD were then exposed to a 

1h phase delay for three days. This shift was not analyzed but was performed to render future 

advances and delays symmetric with respect to the initial entraining conditions. From here, mice 

were exposed to repeating cycles of  2h phase shift every 3 days alternating between phase 

advances and phase delays. After 7 repeats, there was 1 transitional 3h phase delay, followed 

by another 7 repeats of alternating 4h phase advances and 4h phase delays, all occurring every 

3 days.  

The groups with LDLD light cycles (Bifurcation, T30 and T36) were exposed to a similar 

pattern of repeating 2h, then 4h, phase shifts. Importantly, in these groups only N1 was phase 

shifted, while N2 maintained a stable phase, causing the two scotophases to not be antiphasic 

anymore but rather asymmetrical. Because each cycle is longer than 24h, we have fewer 

iterations of these shifts so that they were performed over the same 12 week interval as the 

shifts in LD.  

Exclusion of non-entrained animals 

For each of the three LDLD conditions, only the 8 most well-entrained — defined by BSI 

and EQ values from the last 10 days of baseline — were included in the analyses. Results and 

conclusions did not depend on decisions for exclusion: although not reported, qualitative results 

did not change with post-hoc analyses using different criteria.  

 

 



62 
 

Table 3.1. Lighting schedule for Study 1/Jitter. 

 Phase 0: 
Stable entrainment 

Phase 1: 
2h - Phase shifts 

Phase 2: 
4h - Phase shifts 

LD 
(n = 10) 

28 cycles: 
LDim 14:10 

7 x 6 cycles: 
LDim  
14:10 

7 x 6 cycles: 
LDim  
14:10 

Bifurcation 
(n = 14) 

28 cycles:  
LDimLDim  
7:5:7:5 

7 x 6 cycles: 
LDimLDim  
8:5:6:5 / 6:5:8:5 

7 x 6 cycles: 
LDimLDim  
9:5:5:5 / 5:5:9:5 

T30 
(n = 16) 

14 cycles: 
LDimLDim 
7:5:7:5 

11 cycles: 
LDimLDim 
10:5:10:5 

6 x 6 cycles: 
LDimLDim  
11:5:9:5 / 9:5:11:5 

6 x 6 cycles: 
LDimLDim  
12:5:8:5 / 8:5:12:5 

T36 
(n = 16) 

14 cycles: 
LDimLDim 
7:5:7:5 

10 cycles:  
LDimLDim 
13:5:13:5 

5 x 6 cycles: 
LDimLDim  
14:5:12:5 / 
12:5:14:5 

5 x 6 cycles: 
LDimLDim  
15:5:11:5 / 
11:5:15:5 

Onset and Offsets / Activity in the light 

For every day in the experiment, activity onsets and offsets were determined for every 

scotophase and expressed in relation to the light transitions to calculate phase angles. In the 

LDLD cycles this was done for N1 and N2 separately.  Using mixed effect linear regression, 

prevalence and magnitude of transients — non-zero slopes of phase angles across 3 days — 

were determined in N1. Averaged phase angles for the four experimental phases in N2 were 

compared to baseline. Any significant slopes or changes in phase angle smaller than the 

temporal resolution of the measurement (6 min recording bins) were not reported. Total activity 

during the light was calculated for each 24, 30, or 36h cycles and averaged across days for 

each phase. 

Study 2/DuPont 

In Study 2/DuPont, mice in both standard and bifurcated conditions were exposed to a 

variant of a Dupont work schedule, requiring four, large-magnitude phase adjustments across 

the course of four weeks.  
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Stable entrainment 

Group-housed male mice aged 4–5 weeks were divided into 4 groups (n = 6/group). For 

two weeks, the first group was exposed to LDim16:8, and the other three were exposed to 

LDim20:4. Animals were then moved to individual cages equipped with running wheels. For the 

LDim16:8 group, this occurred shortly before lights off. For the other three groups, wheels were 

introduced at the beginning of the new, second scotophase in an LDimLDim8:4:8:4 cycle to 

facilitate uniform bifurcation across animals. Animals then remained in baseline conditions 

(LDim16:8 or LDimLDim8:4:8:4) for four weeks to allow for stable entrainment before the 

experimental phase commenced. 

Experimental phase 

After 4 weeks, all groups were exposed to a simulated DuPont shift-schedule. A DuPont 

schedule is a commonly used shiftwork schedule in U.S. manufacturing and consists of 

alternating blocks of 3–4 12h day (e.g., 8am–8pm) and night (8pm–8am) shifts with days off in 

between. To accommodate night shifts, the LD group was phase delayed by 8h prior to the first 

night shift and phase advanced back to the original phase afterwards. The LD group’s schedule 

was based upon self-reported behavior of typical shiftworkers (e.g. staying up all day to work a 

first night shift, and then sleeping after) (Akerstedt 1998). The three bifurcated groups each had 

their own scheduling strategy to adjust their activity-rest schedule to work shifts. The first group 

maintained scotophases in antiphase wherever possible and only changed the phase angle 

when needed to accommodate 12h work-shifts (Anti). The second group maintained a stable 

phase relationship whenever possible, even on days off (i.e. LDLD12:4:4:4; Phase). The third 

group minimized the magnitude of individual phase shifts by adjusting gradually in 2h shifts 

rather than 4h as in the other groups (Step).  
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Quantification of adaptation 

To quantify adaptation, activity in the light and activity onsets were determined. Onsets 

were separately calculated for work days (defined as the first onset after a work schedule until 

the last onset after the last day of each work-block) and days-off. Activity in the light was 

calculated over the entire 28 day protocol starting with the day of Work-Block 1. 

Study 3/Continental 

Table 3.2. Lighting schedule for Study 3/Continental. 

 Phase 0: 
Stable entrainment 

Phase 1: 
Bifurcated 
weekends 

Phase 2: 
non-Bifurcated 
weekend 

Dark 
(n = 
10) 

14 cycles: 
LDark 
14:10 

6 cycles: 
LDarkLDark 
10:5:10:5 

4 repeats of: 
4x LDarkLDark 
10:5:10:5 
2x LDarkLDark 7:5:7:5 

4 repeats of: 
4x LDarkLDark 10:5:10:5 
2x LDark 14:10 

Dim 
(n = 
14) 

14 
cycles:  
LDimLDim  
7:5:7:5 

6cycles: 
LDimLDim 10:5:10:5 

4 repeats of: 
4x LDimLDim 10:5:10:5 
2x LDimLDim 7:5:7:5 

4 repeats of: 
4x LDimLDim 10:5:10:5 
2x LDim 14:10 

 

A separate cohort of male and female mice (7–11 weeks old) was assigned to one of 

two groups upon transition from the colony to singly housing with wheels. The first group (Dark, 

n = 10, half male) was maintained on 14 more days of LDark, while the second group (Dim, n = 

14, half male) was exposed to 14 days of LDimLDim to facilitate flexible entrainment. From here 

on, both groups were exposed to identical bright-light schedules. The dim light illumination, 

however, remained as it was before in each respective group. Following the 24h cycles, both 

groups were exposed to six cycles of LDLD 10:5:10:5 (Phase 0), followed by four repeats of four 

30h “work days” (equivalent in length to 5 24h days), and two bifurcated 24h “weekend days” 

(Phase 1). The six T30LDLD cycles of baseline, combined with the first workweek provided 10 

full cycles of stable T30 to quantify entrainment using EQ-values. In Phase 2, four additional 
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weeks of T30 work-weeks with T24 weekends followed. The weekends, however, were now 

unimodal LD cycles rather than LDLD (Table 2). 
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Chapter 4. Clock gene expression rhythms in the SCN and peripheral organs in mice 

entrained to 18h days. 

Abstract 

In mammals, endogenous circadian rhythms are generated at the cellular level via a 

transcriptional-translational feedback loop. In the core loop, a handful of clock genes (e.g., 

Bmal1, Clock, Per and Cry) interact to produce near 24h rhythms and additionally induce daily 

expression patterns in many clock-controlled genes. On the organismal level, the circadian 

system is orchestrated by the suprachiasmatic nucleus (SCN) in the hypothalamus, which 

through its network properties generates very precise and robust rhythms. These rhythms are 

synchronized to the environment through light input from the eye.  

Recent studies have discovered simple environmental manipulations that induce 

unexpected exceptional plasticity in the circadian adaptation of behavior. With the addition of 

dim light at night no brighter than 0.1 lux, mice can adapt to short, 18 hour days that are far 

outside the conventional limits of entrainment. So far, the molecular bases, and involvement of 

canonical circadian oscillators in the regulation of behavior in these exotic conditions have not 

been characterized. In the present study, RNA rhythms of common clock genes in the SCN, 

liver and kidney of mice entrained to T18 were characterized using in situ hybridization and 

qPCR.  

In both the SCN and peripheral tissues, clock gene rhythms seem to predominantly 

follow 24h rhythms, rather than 18 hours. This rejects the hypothesis that dim light facilitated 

extreme plasticity in the SCN, but rather suggests that control of behavior in T18 is uncoupled 

from the SCN. While behavior is controlled at 18 hours, the SCN and peripheral tissues are not. 

In summary, this work expands on the understanding of the mechanistic basis of under-explored 

circadian plasticity.  
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Introduction 

Many species have evolved a circadian timekeeping system to anticipate predictable 

daily changes in the environment that are a result of earth’s relative position and orientation in 

the solar system. In mammals, the molecular basis of the circadian system is a transcription-

translation feedback loop (TTFL) that is found in almost every cell (Mohawk and Takahashi 

2011). The main loop of the TTFL consists of two positive elements -- transcription factors 

Bmal1 (brain and muscle ARNT-like 1) and Clock (circadian locomotor output cycles kaput) -- 

that together regulate transcription of negative elements -- Per1 and 2 (Period), and Cry1 and 2 

(Cryptochrome) -- which downregulate BMAL1 and CLOCK and thereby suppress their own 

transcription. The TTFL, which is regulated by at least a dozen other known genes, including 

nuclear receptor Rev-erbα, takes about 24h to complete one cycle and controls rhythmic 

regulation of thousands of other genes (Panda et al. 2002). At the level of the tissue, these 

cellular rhythms control rhythmic organ function. In the liver, for example, glucose and lipid 

metabolism are controlled by the circadian clock (Zarrinpar et al. 2016).  

In the anterior hypothalamus, the suprachiasmatic nucleus (SCN) is the core pacemaker 

of the mammalian circadian system. Its endogenous and self-sustained circadian rhythms are 

synchronized to the outside environment through direct light information from the retina (Welsh 

et al. 2010). The SCN keeps peripheral rhythms synchronized through various direct and 

indirect communication signals including changes in body temperature, melatonin secretion or 

activity and feeding rhythms (Mohawk et al. 2012). Proper coordination and synchronization 

among all parts of the hierarchical circadian system are important for acute and chronic 

physiological and mental health. Disruption of the circadian system, either through 

environmental or genetic manipulations, is associated with a wide range of disease (Evans and 

Davidson 2013).  
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Entrainment (i.e. synchronization) of the mammalian circadian system has been well 

characterized for several decades. One of these properties is the limited range of environmental 

cycles (T-cycles) to which the circadian system can entrain. Non-parametric entrainment of a 

system with an internal rhythm of 24h (τ = 24) to an environmental rhythm of 22h (T = 22), 

requires a daily 2h phase advance. The magnitude of the phase shift that can be induced by 

light is limited — 1-2h by 9h light pulse (Comas et al. 2006) — consequently, the range of 

entrainment is limited. Recently, simple lighting manipulations that seem to render the rodent 

circadian clock markedly more flexible were discovered. With the addition of ecological levels of 

nocturnal dim light no brighter than 0.1 lux, mice and hamsters displayed behavioral 

entrainment to T-cycles as short at 18h and as long as 30h (Harrison et al. 2016; Walbeek and 

Gorman 2017; Gorman and Elliott 2019). Non-parametric entrainment to T18 would require daily 

near 6h phase advances, which are unprecedented in any mammalian system. Additionally, 

short T-cycle entrainment lacks large phase angles (Walbeek and Gorman 2017; Gorman and 

Elliott 2019) and transient misalignment following a phase shift (Walbeek et al.) predicted by 

classical entrainment theory (Daan and Aschoff 2001; Granada et al. 2013; Schmal et al. 2015). 

Thus, enhanced plasticity of behavioral entrainment in these artificial conditions likely does not 

derive from nonparametric resetting mechanisms. On the other hand, an explanation of simple 

masking of a free-running circadian oscillator has been rejected based on a predictable phase 

of activity after release in constant dark (Harrison et al. 2016; Walbeek and Gorman 2017) and 

18h rhythms in activity-independent body temperature (Walbeek and Gorman 2017). In 

summary, the mechanism of control of behavior in extreme T-cycle entrainment, as well as 

involvement of traditional circadian regulators, remains unknown. 

In the present study, we aimed to measure central and peripheral clock gene rhythms in 

mice entrained to T18 (LD13:5). The characterization of rhythmicity in the SCN could distinguish 

between two alternative hypotheses explaining flexible entrainment. If the addition of dim 
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scotopic illumination increases flexibility of the SCN beyond its conventional limits, 18h clock 

gene rhythms might be expected. If, on the other hand, dim light uncouples control of behavior 

from the SCN, near 24h rhythms might be expected despite behavioral adaptation to the 18h LD 

cycle. Furthermore, measuring peripheral molecular rhythms could distinguish a complete 

reorganization of physiological rhythms to match behavior vs a mainly free-running physiology 

uncoupled from wheel running behavior. Molecular rhythms in SCN and liver and kidney were 

measured using in situ hybridization (ISH) and reverse transcription quantitative polymerase 

chain reaction (RT-qPCR), respectively, in mice entrained to T18 or T24 control conditions. 

Methods 

Animals, Housing 

Female mice (C57BL/6, born at UCSD from Jackson Labs Stock) were housed in plastic 

cages (28x18x15cm) inside environmental chambers. Each cage was provided with a running 

wheel (13cm diameter) and ad libitum food (Mouse Diet 5015; Purina, St. Louis, MO) and water. 

The well-ventilated chambers that hold up to 16 cages each were equipped with fluorescent 

lamps (327±162 lux) and additional dim green LEDs (555±23 nm, <0.1 lux, irradiance of 3.90 × 

10-5 W m-2), and temperature (22±2°C) was continuously monitored and regulated. Wheel-

running activity was recorded from each cage and stored as the number of half wheel 

revolutions per 6 min bins (VitalView Version 4.2, Mini-mitter, Bend OR). Mice were born from 

breeding pairs housed in either LD14:10, LD13:5 or LD14:10 with weekly 6-hour phase 

advances. All animals were placed in the colony at LD14:10 at weaning. No statistical 

differences were found between birth conditions. All experimental procedures were pre-

approved and followed the guidelines and policies of UCSD’s Institutional Animals Care and 

Use Program. 
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Entrainment, Groups, Timepoints, Dissections, tissue preservation 

All animals were transferred from group-housed colony conditions (LDark14:10) to single 

housing and were provided with a wheel and nocturnal lighting (LDim14:10). After three weeks of 

acclimating to the new chambers and wheels, each mouse was assigned to one of two groups. 

The first group remained entrained to LDim14:10 (n= 36), while the other group was entrained to 

LDim13:5. (initial n = 64, only 52 best-entrained animals were selected; EQ values were 

0.97±0.003 and 0.75±0.05 for included and excluded animals respectively). On the tenth day of 

experimental entrainment, mice from T24 were split between 9 three-hourly time points (ZT0-

ZT24, n = 4 / TP), while mice from T18 were split between 13 time points (ZT0- ZT36, n = 4 / 

TP), with ZT0 defined as “lights on”. Mice were euthanized within 30 minutes of their 

predetermined time-point using 4% isoflurane followed by decapitation. If occurring during the 

scotophase, mice were euthanized and enucleated in dim red light (<1 lux). Brains, as well as 

tissue from the liver and kidney, were collected and immediately frozen on dry ice then stored at 

-80°C until processed. 

In Situ Hybridization (ISH) 

Using a cryostat, brains were sliced coronally at 20um and divided into 5 series. Brain 

sections were thaw-mounted onto Superfrost-plus slides and stored at -80°C until the day of 

ISH. Bmal1 (Genbank AB015203; bp 864-1362) and Per2 (Genbank bp AF035830; 9–489) 

probes were previously established (Shearman et al. 1997; Shearman et al. 2000) and were 

generously provided by Dr. David Weaver (UMass Medical School). Radiolabeled ISH was 

performed as previously described (Stephens et al. 2018). In short, for each probe, one full set 

of brain sections containing the SCN was fixed in 4% paraformaldehyde, treated with acetic 

anhydride, rinsed in saline-sodium citrate (SSC), and dehydrated with ethanol, before being 

treated with chloroform, again dehydrated and air dried for 90 min. Radiolabeled Bmal1 (35S) or 

Per2 (33P) antisense riboprobe (0.04 pmol/mL) were combined with tRNA, heat denatured, and 
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added to hybridization buffer to create the probe mixture. Each probe mixture (Bmal1 or Per2) 

was then applied to the tissue (100 ul/slide). Cover-slipped slides were then placed in a humidity 

chamber at 55°C to hybridize overnight. The next day, slides were washed in SSC, treated with 

ribonuclease A, washed again in SSC, dehydrated in ethanols and air dried for 90 min. In a dark 

room, slides were then dipped in Kodak nitroblue tetrazolium salt emulsion, air dried and stored 

at 4°C for 14 and 13 days for Bmal1 and Per2 respectively before being developed and 

coverslipped. 

ISH quantification 

ISH slides were scored by an investigator blind to condition or time point using 

automated imaging software called Grains (Dr. Don Clifton, University of Washington). For each 

slide containing SCN, each hemisphere of the SCN area was outlined manually. The number of 

silver grains, signifying Bmal1 or Per2 mRNA, in the selected areas was counted using the 

Grains software and averaged between hemispheres. For each brain, the three SCN sections 

with the highest silver grains counts were averaged.  

Reverse Transcription Quantitative Polymerase Chain Reaction (RT-qPCR) 

Liver and kidney tissue was homogenized before using RNeasy Mini Kit (Qiagen, Venlo, 

Netherlands) to purify RNA. Using the Super Script III (Thermo   Fisher   Scientific,   Waltham,   

MA,  USA), cDNA was synthesized before qPCR was performed on a CFX384  Real-Time  

Detection System with SYBR Green (Bio- Rad, Hercules, CA, USA)  according  to  the  

manufacturer’s  instructions. A relative fluorescence unit threshold of 500 was used to obtain 

quantification cycle (Cq). Cq values were averaged across duplicate qPCR reactions, and used 

to calculate gene expression levels relative to the average of Actβ and ApoE using the ΔΔCT 

method (Livak and Schmittgen 2001; Pfaffl 2001) with approximate qPCR efficiency of 2. If the 

difference between duplicate reactions of the same sample exceeded 1 cycle, the value closer 

to the mean of the time point was used (12 determination). Four liver samples were excluded 
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because of low DNA yield, and five samples with expression levels > 3 S.D on three or more 

genes were additionally excluded from analyses. Primers for Actβ, Bmal1, Clock, Cry1, Cry2, 

Per1, and Per2 were all provided by Dr. Tsuyoshi Hirota (Nagoya University), ApoE primers 

were found in the PrimerBank (ID: PrimerBank ID 6753102a1) and Rev-erbA had been 

described before (Lau 2004).  

Table 4.1: qPCR Primers 

Gene Forward Reverse 

Actβ ggctgtattcccctccatcg ccagttggtaacaatgccatgt 

ApoE tgacaggatgcctagccg cgcaggtaatcccagaagc 

Bmal1 agataaactcaccgtgctaaggatg gttggcttgtagtttgcttctgtg 

Clock atggtgtttaccgtaagctgtag ctcgcgttaccaggaagcat 

Cry1 actgaggcacttacacgtttgg gcagggagtttgcattcattc 

Cry2 tgcactggttccgcaaag accacgggtcgaggatgtag 

Per1 ggcaatggcaaggactcag ggaggctgtaggcaatggag 

Per2 tgttccgacatgcttgcg gaaacagcttcctctgctccag 

Rev-erbA ccacaccgctgggagagt gccctggcgtagaccattc 

 

Analyses, Statistics and Software 

Periodogram analyses were used to calculated entrainment quotients (Harrison et al. 

2016), which are a measure to quantify entrainment in T-cycles ranging from 0 (free-running) to 

1 (entrained). For both ISH and qPCR data, MetaCycle (Wu et al. 2016) was used to assess 

statistically significant rhythmicity and estimate period, phase, and amplitude with minimum and 

maximum period set to 12 and 36h respectively. Additionally, clock gene data were fit using 

cosinor analyses with both an 18 and 24h period. The ratio of R2 was used to determine which is 

the better fit. Peak phase was expressed both relative to the LD cycle (ZT, 18h) and to clock 

time (i.e. 24h). Actograms and periodograms were created used ClockLab (version 2.72); all 
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other analyses and creating graphs were performed in R (Vienna, Austria, version 3.5.1; 

Rstudio, Boston, MA, v. 1.1.456; tidyverse v. 1.2.1; ggplot2 v. 3.1.1; MetaCycle v. 1.2.0; cosinor 

v. 1.1). 

 
 

Results 

Behavior 

All animals that were used for tissue collections were well-entrained to light-dark cycles. 

Figure 4.1 shows example actograms from an animal in T24 (Fig. 4.1A), and a well-entrained 

animal in T18 (Fig. 4.1B/D) as well as an animal that did not adapt to T18 and was therefore 

excluded (Fig. 4.1C/E). As expected, the animals in T24, displayed robust wheel-running activity 

throughout the dark phase (gray shading) with little activity in the light. Behavior of the entrained 

animal in T18 (EQ: 0.98) is highly aligned with the light-dark schedule (best visible in modulo 

18h; Fig. 4.1D) and does not display any free-running components (best visible modulo 24h; 

Fig. 4.1B). In contrast, the non-entrained animal in T18 (EQ: 0.26), which represents only a 

minority of the animals shows less consistent wheel-running activity in the dark (Fig. 4.1E) and 

has clearly visible free-running patterns (25.3h) in behavior (which is also reflected in lower EQ-

value; Fig. 4.1C). All animals included in the tissue analyses had EQ-values larger than 0.9 

(mean±SE: 0.97±0.003) 
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Figure 4.1. Double plotted actograms of an animal in T24 (A), a well-entrained, included, animal 
in T18 (B/D) and a non-entrained, excluded, animal in T18 (C/E). D and E show the same data 
(modulo 18h) as B and C (modulo 24h), respectively. The last day of data is the day of 
dissection. Wheel running activity is represented in black and scaled to 100 counts / minute. 
Scotophases are indicated with background gray shading.  

 

ISH 

In T24, Bmal1 and Per2 expression in the SCN (Fig. 4.2) was rhythmic with an estimated 

period of 23 and 24.8h, respectively (both p<0.0001; Fig. 4.3). Bmal1 expression was highest 

2.5h after lights off (acrophase = ZT 16.5), while Per2 expression was highest 3 hours before 

lights off (acrophase = ZT 11.0). Likewise, in T18, Bmal1 and Per2 expression were rhythmic 

with estimated period of 22.8 and 23.0h, respectively (p<0.0001). The relative amplitudes were 

~15% and ~11% lower in T18 than in T24 for Bmal1 and Per 2, respectively. 
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Figure 4.2. Pictures of the SCN (~0.4mm posterior of bregma) from the T24 Bmal1 assay from 
ZT6 (A) and ZT15 (B) 3V: Third ventricle, ON: Optic Nerve. Image 58/132 of The Allen Mouse 
Brain Atlas “P56, coronal” (C), the gray box approximates the area of the photo in (A/B).  

 

Figure 4.3. Average number of grains per hemisphere Bmal1 and Per2 expression in the SCN. 
Spread indicates SE. Black bars at the top of each panel represent the scotophases. Although 
MetaCycle does not make assumptions about waveform, for graphing only a sinusoidal function 
was plotted based on period, acrophase and amplitude estimates from MetaCycle.  
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qPCR 

Expression levels were rhythmic for all clock genes in the liver for T24 and T18 (Figure 

4.4). In the kidney, Clock (T24 and T18) and Per1 (T18) were not significantly rhythmic, while all 

other genes were (Fig 4.4). The period estimates for gene expression in the liver and kidney in 

T24 were 24.2±0.76 and 24.4±0.73 (mean±SD), respectively (Fig. 4.5A). To make comparisons 

with T18 more conservatively, liver Cry1 and Cry2, which have long period estimates > 27h, 

were excluded from standard deviation estimates. The periods of clock genes in T24 are 

expected to be 24 hours; indeed all rhythmic genes significantly fit a 24h cosinor (p <0.001). 

Therefore the range of periods observed in genes from T24 can be considered as “noise” or 

inaccuracies in period estimation. For T18, all period estimates fall within 2 T24-based standard 

deviations of 24h, except liver Per1 (33h) and Cry2 (19.9h), and kidney Per2 (22.3h) and Cry1 

(25.6h) (Fig 4.5A). Additionally, all rhythmic genes were fit to a 24h and 18h cosine. Based on 

R2 values, all genes except liver Cry2 and Per1 are better explained by the 24h than an 18h 

model (Fig 4.5B).  

 
Figure 4.4. Clock gene expression patterns in peripheral tissues from mice in T24 and T18. 
Data points and range indicate the mean and standard error for each time point. The line 
represents the sinusoidal fit based on mean, amplitude and phase estimates from the 
MetaCycle analyses. Black bars at the bottom of each panel indicated the scotophases. Each 
panel is normalized to the highest expression within each gene before averaging. 
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Figure 4.5. Left panels: MetaCycle based period (dashed line at 18 and 24h). Middle panels: 
Log ratio R2 calculated at log(R2

T24/R2
T18). Dashed line is ratio of 1 (i.e. equal fit) and positive 

values are better fit for T24 than T18. Right panels: log transformed relative amplitude 
calculated as ratio amplitude to baseline. Only values for rhythmic genes are plotted.  

 

Amplitude 

Relative amplitude was lower in T18 in all genes in all tissues, with the exception of 

Clock in the Liver, where relative amplitudes were equal. Relative amplitude of the Bmal1 and 

Per2 rhythms in the SCN in T18 was 85% and 89% of that in T24, respectively. On average, the 

amplitude of clock gene expression in T18 was 69±10% and 38±7% of the amplitude in T24 for 

liver and kidney respectively (Figure 4.5C). 
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Phase 

Because most genes in T18 across all three tissues appear to have a period closer to 24 

than 18h, acrophase was expressed relative to clock time rather than ZT. While the relative 

phase between clock genes was highly preserved in both liver and kidney. the absolute phase 

in T18 was 13.1 hours later compared to T24 (Fig 4.6). The absolute phase angle between 

acrophases of Bmal1 and Per2 in the SCN was 5.5h in T24 and 3.6h in T18.  

 
Figure 4.6. Peak phase of each of the genes relative to clock time on the day of dissection. 
Some points were plotted 1 cycle later (“double plotted”) to visualize the phase relationship 
between genes better.  
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Discussion 

The current project presents clock gene expression rhythms in SCN, liver and kidney in 

mice adapted to 18 hour rhythms. Behavioral entrainment to 18 hour light:dark cycles is 

unexpected from mammals and likely is not the result of classical non-parametric entrainment, 

yet is robust, repeatedly and reliably shown and is not a result of simple positive and negative 

masking. Overall, across 3 tissues and 7 different genes, clock gene rhythms appeared to be 

best described by 24 hours, and not 18 hour rhythms. Although not true in each individual gene, 

the average estimated period was much closer to 24h than 18.  

Per1 and Per2 expression patterns were altered in hamsters entrained to short (23.33h) 

and long (24.67h) T-cycles, indicating the reorganization in the SCN to facilitate entrainment in 

these lighting regimes (Schwartz et al. 2011). Furthermore, rats in a forced desychronization 

protocol  (i.e. not entrained) in T22 showed SCN clock gene expression with two distinct 

periods, matching those observed in behavior (de la Iglesia et al. 2004). In our data, the main 

difference between T24 and T18 was a shift in phase and a reduction in amplitude, while period 

remained unchanged. Future studies on additional genes may allow for detection of dissociation 

as seen in earlier reports.  

The dissociation between behavioral rhythms (18h) and SCN rhythms (24h) in 18h 

light:dark cycles suggests that the SCN is decoupled from the control of behavior. Control of 

behavior by non-canonical circadian clocks had been demonstrated before. For example, mice 

with Period1/2/3 triple-mutations -- which are arrhythmic in constant conditions -- displayed 

evidence of a wheel-inducible circadian oscillator (Flôres et al. 2016). This novel oscillator can 

produce free-running locomotor rhythms with a 21h period. Whether control of behavior in T18 

in our mice relies on the same wheel-inducible or any other extra-SCN oscillator (Pendergast 

and Yamazaki 2017) remains to be determined. Additionally, it remains unknown by what 
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mechanisms dim light at night uncoupled control of behavior from the SCN in genetically intact 

mice. 

Overall, gene rhythms in T18 were best explained by a 24h rhythm with a shifted phase 

relative to T24. Importantly, the overall phase relationship between genes as well as between 

tissues was highly conserved in T18, while other circadian manipulations (e.g. photoperiod) alter 

clock gene expression rhythms in central and peripheral tissues differently (Sosniyenko et al. 

2010). With the resolution in the data, it is impossible to distinguish between gene rhythms that 

are exactly 24 hours (entrained) vs near 24 hours (free-run). Therefore, we cannot without 

further experiments separate several possible hypotheses. The first, and likely most intuitive, 

hypothesis is that of a free-running SCN and physiology, while wheel running behavior is 

uncoupled and adapted to the light:dark cycle. The period of the free-running component in the 

poorly-entrained animal represented in Fig. 4.1C/E was 25.3 hours, which is a typical FRP for 

non-entrained animals in these conditions (average period of free-running component of all 

animals with EQ < 0.75 is 25.3±0.6; mean±SD). A FRP of 25.3h causes a daily 1.3h drift relative 

to clock time. Since animals were exposed to T18 for 10 days, a total 13h drift would be 

expected at the day of dissection. Because the phase difference in peak gene expression 

between T24 and T18 was 13h, this phase difference might result from a free-running circadian 

oscillation that matches the period of free running wheel running behavior. Alternatively, it is 

possible that the transition from LD14:10 to LD13:5 caused an initial phase shift to the SCN, 

which subsequently entrained to a harmonic of the 18h LD-cycle (e.g. 4x18 = 3x24 = 72h). This 

would predict a 24h rhythm in the SCN, which then entrains the liver and kidney, for example 

through corticosteroids (Pezük et al. 2012). One way to distinguish these non-exhaustive 

alternative explanations would be to collect more tissue 20 days into T18 conditions. If organs 

were entrained to a multiple of 18h, phases would be expected to be identical between 10 vs 20 

days, while free-running tissues would be expected to continue to drift. Without these additional 



81 
 

time points we can not distinguish between these hypotheses. The data provide strong 

evidence, however, to reject the hypothesis that the entire circadian system is entrained to T18. 

Additionally, because gene expression rhythms were observed between animals, we can 

excluded that tissues in individuals under T18 entrainment were either non-rhythmic or cycle 

with a random phase. Furthermore, all three tissues had comparable phase differences between 

T24 and T18. We cannot, however, distinguish between independently free-running tissues with 

similar FRP and the possibility that peripheral tissues were entrained to the SCN. 

In addition to their circadian regulation, some clock genes are known to be inducible by 

exogenous factors. For example, in the SCN, both Per1 and Per2 levels increased in response 

to an acute light pulse during subjective night, when expression is naturally low (Shearman et al. 

1997). This inducibility plays an important role in the SCN’s ability to be entrained by light; 

reviewed in (Welsh et al. 2010). Likewise, clock gene expression of some genes in the liver are 

inducible by zeitgeber input such as body temperature (Brown et al. 2002) or metabolic signals 

(Oike et al. 2011). In addition to acute responses, clock gene expression in the liver can be 

entrained to metabolic zeitgebers. In mice fed only during the day, clock gene expression in the 

liver will phase shift to follow feeding rhythms rather than the un-shifted SCN (Damiola et al. 

2000; Stokkan et al. 2001). In our experiment, despite 18h rhythms in behavior and body 

temperature (Walbeek and Gorman 2017) peripheral organs did not follow 18h rhythms, but 

instead matched the (near) 24hour rhythms found in the SCN. In vitro, mouse liver failed to 

entrain to a 20 hour temperature cycle (35-37.5°C) while entrainment was stable at T24 and T28 

(data unpublished). This might indicate that the liver is incapable of entraining to 18 hour cycles, 

and therefore, unlike the restricted feeding experiments, entrains to the SCN (or free-runs with 

comparable FRP) rather than following physiological rhythms. Characterization of feeding 

rhythms in T18 will be important in understanding these results. Importantly, rhythm amplitudes 

in T18 were lower than in T24 and in addition to period and phase, amplitude is an important 
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circadian parameter (Abraham et al. 2010). If the tissue clocks in fact run with a (near) 24h 

period, the periodic and harmonic influence of light, activity-induced increases in body 

temperature, and potentially feeding events might induce changes in gene expression 

independent of the circadian regulation. This likely induces “noise” that could explain digression 

from 24h in the estimated periods or a lower amplitude in some genes. The combination of a 

reduced amplitude and slightly altered phase-relationship between Bmal1 and Per2 in the SCN 

suggests that while wheel-running behavior in T18 is not controlled by the SCN, the SCN might 

still be sensitive from non-photic feedback such as from behavior (Hughes and Piggins 2012). 

Together, these data present a model in which control of wheel running behavior 

appears to be uncoupled from the molecular rhythms in the SCN. Surprisingly, peripheral 

tissues follow the SCN, and not behavior or core body temperature rhythms. Future studies 

should investigate how dim light, mechanistically, induces this uncoupling.  
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Chapter 5. Effects of short T-cycle entrainment on rodent reproduction 

Abstract 

In rodents, the female reproductive system is tightly connected with circadian timing. 

Precisely timed signals from the suprachiasmatic nuclei (SCN) trigger a cascade of neural 

activation and endocrine processes that comprise the estrous cycle. Consequently, circadian 

disruption has been shown to lead to decreased fertility. Mice exposed to repeated 6 hour 

advances of the light cycle (chronic jet-lag; CJL), for example, have fewer successfully 

completed pregnancies than un-shifted controls. 

We have demonstrated increased circadian flexibility that expands the range of 

entrainment and markedly reduces behavioral jet-lag after phase shifts. With the provision of 

dim light at night (<0.1 lux), as compared to complete darkness, mice rapidly and robustly 

entrain to 18h light:dark-cycles (T18; LD13:5). Here we test the hypothesis that increased 

entrainment flexibility induced by dim light will ameliorate subfertility in non-24h environments. 

In Study 1, estrous cycle length and stability were assessed via vaginal cytology in 

female mice entrained to T24 and T18. Mice in both groups cycled reliably but cycles of T18 

mice were ~24h longer than in T24 mice as a consequence of additional day/cycle spent in 

estrus. And whereas T24 mice exhibited a Luteinizing Hormone (LH)-surge near the end of the 

light phase on pro-estrous, T18 mice sampled at the same phase did not.  The absence of the 

predicted LH surge under conditions in which mice are fertile suggests that LH may surge in an 

altered phase. In Study 2, breeding success over 90 days was compared between mouse pairs 

entrained to T18, T24 or undergoing CJL. In contrast to earlier studies, fertility was unaffected 

by entrainment condition or circadian disruption as measured by number of litters, number of 

pups per litter, pup weight etc. One possible explanation to reconcile the paradox of the lack of 

a properly timed LH surge, yet unimpaired fecundity in T18 is that in T18 male presence is 

required to induce ovulation. In Study 3, however, ovarian histology confirmed spontaneous 
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ovulation in T18 mice, and therefore rejects this hypothesis. Lastly, in Study 4, timing of mating 

behavior was scored in breeding pairs in T18. Timing of mating was consistent relative to LD-

transition both within and between breeding pairs. This suggests that at least part of the 

reproductive axis adapts to 18h rhythms. 

Together, these data identify conditions under which fertility is preserved under CJL; 

establish that fertility and estrous cycling persist under 18 h behavioral entrainment, and identify 

changes in the temporal patterning of neuroendocrine events.  

Introduction 

Many industries, including in health care, transportation, manufacturing, and emergency 

response, require staff to work at any time of the day. Working night shifts exposes a shift-

worker to a combination of overall sleep loss and inappropriately timed exposure to food and 

light (Smith & Eastman, 2012). Chronic circadian disruption has been associated with increased 

risk for mental and physiological impairments across many biological domains (Evans and 

Davidson 2013; Moreno et al. 2019) including cognition (Cho et al. 2000), metabolism (De 

Bacquer et al. 2009), immune function (Mohren et al. 2002), and reproduction (Mahoney 2010). 

Shiftworkers are subject to increased risk of infertility, miscarriage, irregular menstrual cycles, 

and low birth weight or pre-term delivery (Mahoney 2010; Gamble et al. 2013). With over 15% of 

US adults doing shift-work, and an associated annual cost of worker under-performance and 

increased health care combined exceeding 200 billion USD (Kerin and Aguirre 2005), these 

negative consequences are a clear society level problem. Despite awareness of these 

consequences of working at night, few preventive solutions exist. Better understanding of 

mechanisms contributing to the development of increased health risks, as well as developing 

strategies for shift-workers to minimize these health effects of night shifts is important.  

 Many of the symptoms observed in human shift-workers, can be reproduced in rodent 

models (Evans and Davidson 2013). For example, mice that were genetically manipulated to 
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have a dysfunctional circadian clock displayed disrupted estrous cycling (i.e. rodent ovulatory 

cycle) and pregnancy success (Miller et al. 2004). Moreover, mice that are genetically intact, but 

in an environmentally induced state of circadian misalignment similar to that observed in human 

shift-workers (i.e. chronic jetlag) had low percentage of pregnancies carried to term (Summa et 

al. 2012). Additionally, reproductive efficacy was impaired by exposure to 22 or 26h days (Endo 

and Watanabe 1989). Although reproductive consequences of circadian disruption have been 

extensively quantified, less is known about the exact mechanisms. Working night shifts affects a 

whole host of environmental and physiological factors, including sleep loss, altered light 

exposure, overall stress, and disrupted melatonin rhythms. Which combination of these factors 

mediates the effects of chronic shift-work on health is largely unknown. Consequently, very few 

explicit and actionable suggestions exist to minimize consequences (Lowden et al. 2019). 

Rodent studies with reproduction endpoints (as an example from the long list of consequences 

above) that model human problems, can be used to identify mechanisms and test strategies for 

improving shift-worker’s health.  

The ovulatory (or estrous) cycle in a mouse is 4-5 days long and is divided in three 

different stages. Ovulation happens at the day of proestrus and is triggered by a cascade of 

neuroendocrine events in the hypothalamic–pituitary–gonadal axis (HPG). During diestrus, 

developing follicles in the ovaries produce estradiol (E2), leading to a buildup of serum E2-

levels. When reaching sufficiently high E2 concentration, kisspeptin neurons stimulate 

gonadotropin-releasing hormone (GnRH) expressing neurons in the hypothalamus to release a 

bolus of GnRH. The bolus of GnRH triggers the pituitary to produce a surge of luteinizing 

hormone (LH) and follicle-stimulating hormone (FSH), which stimulates ovulation. This surge of 

endocrine events is dependent on a combination of E2 concentration and temporal “gate” 

(Everett and Sawyer 1950; Legan et al. 1975), which tightly connects the reproductive axis and 

the circadian system. Although the origin of the temporal gating system is not identified, the 
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functional existence has been well characterized. For example, lesioning the SCN (core of the 

mammalian circadian clock) eliminated LH surges (Gray et al. 1978; Samson and McCann 

1979). Furthermore, an injection of barbiturates to temporarily block the CNS postpones the 

surges by 24 hours, suggesting that if the window is missed, a next opportunity arises the next 

day (Everett and Sawyer 1950; Siegel et al. 1976). Lastly, E2 treated rodents have daily surges, 

confirming the presence of a daily gating signal that together with high levels of E2 produces a 

surge and ovulation (Legan and Karsch 1975; Christian et al. 2005). Because of the tight 

connections between circadian rhythms and HPG-axis, perhaps the reproduction consequences 

of circadian disruption are not surprising.  

One proposed strategy to minimize circadian misalignment in a rodent model of shift 

work is dim-light induced flexible entrainment. With the addition of nocturnal lighting no brighter 

than 0.1 lux, mice can be rendered markedly more adaptable, such that they can behaviorally 

adapt to lighting schedules far outside the traditional range of entrainment including 18h days 

(i.e 13 hours of light, 5 hours of dark; LD13:5; T18) (Walbeek et al.; Harrison et al. 2016; 

Walbeek and Gorman 2017). Behavioral entrainment in T18 does not require genetic or 

pharmacological intervention and can be rapidly induced. Additionally, because it facilitated 

adjustments to large phase shifts, T18 entrainment has been proposed as a strategy for 

shiftworkers to adapt to quickly rotating working-hours (Walbeek et al.). In addition to the 

potential effect of increased alertness on the job and improved sleep quality, behavioral 

alignment could mitigate long term health effects; however, this has not been formally tested 

yet. In human shift-work schedules, as well as in rodent shift-work models, subjects are 

exposed to non-24h paradigms, which they fail to adapt to. It is unclear whether non-24 per se 

is bad for health or that the non-adaptation is critical. Testing for reproductive health while 

behavior is adapted to a T-cycle, could help separate some of these effects. With T18, we have 
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a model that facilitated adaptation in non-24h conditions, and therefore allowed to test the 

hypothesis that adaptation is critical and not the non-24 nature of the schedules.  

In the current studies, we aimed to characterize reproductive function in mice entrained 

to T18. First, using a three-month fecundity assay, we tested the hypothesis that T18 

entrainment does not produce the same reproduction deficits seen in other non-24h context. 

Specifically, functional fertility of mice in T18 is quantified and compared to positive control 

animals in standard T24 lighting conditions and chronically jetlagged negative control animals. 

Second, estrous cycle length and regularity were measured under T18 and compared to T24 

controls. Additionally, through ovarian histological examination, follicle development and 

spontaneous ovulation were characterized. Lastly, through video analysis, timing of mating 

behavior in breeding pairs entrained to T18 was scored. Combined, these studies test one 

aspect of health consequences of flexible entrainment, as well as deploy a research strategy 

that can develop a mechanistic understanding of health consequences of circadian disruption 

and interactions between circadian and endocrine systems. 

Methods 

General 

In all experiments, mice (C57BL/6) were house in plastic cages (28x18x15cm) equipped 

with a running wheel (13cm diameter). Food (Mouse Diet 5015; Purina, St. Louis, MO) and 

water were provided ad libitum and refreshed regularly. Well-ventilated environmental chambers 

that accommodate up to 16 cages were used to regulate temperature (22±2 °C) and light 

exposure. Chambers were equipped with fluorescent lamps for bright light (327±162 lux) and 

additional dim green LEDs for dim light illuminance (555±23 nm, <0.1 lux, irradiance of 3.90 × 

10-5 W m-2). Light-dark cycles, and the use of dim lights are indicated for each experiment (i.e. 

LDark vs LDim). Wheel-running was continuously recorded as the number of half wheel revolutions 

per 6 min bin (VitalView Version 4.2, Mini-mitter, Bend OR). At the end of the experiments, all 
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animals were euthanized humanely. All experiments and procedures were pre-approved by and 

followed the guidelines of UCSD’s Institutional Animal Care and Use Program. 

Across the presented experiments, two different lighting cycles each with different day 

lengths (i.e. T-cycles) were used. In the colony, as well as in control conditions, animals were 

housed in 14 hours of light and 10 hours of darkness (i.e. LD14:10). In experimental T18 

conditions, light cycles were 13 hours of light and 5 hours of darkness (i.e. LD13:5). Lastly, in 

Study 2, a Chronic Jetlag paradigm is used as negative control. Here, animals were housed in 

LD14:10 but phase advanced by 6 hours every week, a form of environmental circadian 

disruption that has been shown to induce impaired reproductive function (Summa et al. 2012) as 

well as other negative health consequences; e.g. (Davidson et al. 2006; Adams et al. 2013). 

To quantify entrainment in T18, Entrainment Quotients (EQ) were used. EQ values are 

based on Lomb-Scargle periodogram analysis, which evaluates rhythmicity in the data for any 

possible period. Periodogram power at 18h (peak value 17.8-18.2) and the circadian range 

(peak value 23-26h) were extracted and used to calculate EQ using the following formula: EQ = 

power18h / (power18h + powerCirc). EQ-values therefore range from near 0 (all power in 

circadian range) for a free-running animal to near 1 (all power at 18h) for a completely adapted 

animal. Any free-running rhythms that are partially masked will result in intermediate EQ-values. 

Study 1a - Estrous cycling 

Female (born into our colony) mice were divided into either T24 or T18 (n=10/group). 

The 2 groups were split between two environmental chambers that additionally each housed 6 

males. Males were not used for any part of the analyses, but to provide pheromonal cycling 

cues (McClintock 1978). All mice were initially entrained to LDim14:10. After 3 weeks of 

habituation, mice in T18 were entrained to LDim13:5, while mice in T24 remained on LDim14:10 

for the full duration of the experiment. After 10 days, stable entrainment was established and 

daily (every 24h) vaginal lavages were performed during the photophase. Lavages were 
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performed for 20 and 24 consecutive days in T24 and T18 respectively. Samples were spread 

out on microscopic glass in 3ml water, dried, and stained with Methyl Blue Staining. Estrous 

cycle stages were identified based on microscopic cytological evaluation (Byers et al. 2012; 

McLean et al. 2012). Each sample was scored by 2 independent researchers 

(T.J.W./A.M./A.Z./K.Z.). If needed, a 3rd observation would resolve any conflicts. To count cycle 

length, only completed cycles from proestrus to proestrus were counted. 

Study 1b - Endogenous LH surge 

After tracking the estrous cycle, serial blood blood samples (3µl) were collected from the 

tail vein for characterization of luteinizing hormone (LH) surges. T24 mice were sampled 1 hour 

before light-off on 4 consecutive days (i.e 24h between samples), while T18 mice were sampled 

on 2 series of 3 consecutive light-off transitions (i.e 18h between samples) with 1 day in 

between. During days of blood collection vaginal lavages were continued. Hormone 

determinations were done as described before (Tonsfeldt et al. 2019). In short, blood samples 

were kept in collection capillary at room temperature to clot for 90 minutes before centrifuging at 

2000 x g for 15 minutes. Serum was separated and frozen at -20°C until further processing. For 

LH-measurement, samples were run in singlet on Milliplex analyzer (MPTMAG-49K; 

MilliporeSigma, Burlington, MA) using a Luminex Magpix (LH: lower detection limit, 4.8 pg/mL; 

intra-assay coefficient of variation, 15.2%; inter-assay coefficient of variation, 4.7%). 

Study 2 - Fecundity 

Male and female mice (N=52, 8-12 weeks old, ordered from Jackson labs or from 

Jackson stock) were individually housed with a running wheel on LD14:10. After 12 days of 

habituation, mice were split into three groups. The first group remained on LD14:10 (LD), the 

second group was transitioned into LD13:5 (T18), and the third group was chronically jet-lagged 

by exposure to weekly 6h phase advances (CJL). Only the T18 group received dim light at night 

to facilitate entrainment. After 12 days in experimental conditions, 1 male and 1 female were 
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excluded from T18 for poor entrainment (EQ < 0.9). The remainder male and female mice were 

paired by transferring the females into the cage of a male from the same condition, creating 8, 9 

and 8 breeding pairs for LD, T18 and CJL respectively. Breeding pairs remained under the 

same housing and lighting conditions for the remaining of the experiment. Cages were changed 

weekly, except within the first week of a new litter being born. 

Cages were monitored daily for new litters. For each litter pups were counted on the day 

they were found (day 0) and again on day 1, while trying to minimize disruption to the nest. Any 

dead pups were removed from the cages, but included in the Day 0 count. On day 21 pups were 

weaned, weighed, and sex of the mice was determined. Pups received identifying earmarks 

under 2% isoflurane anesthesia. The sex of the mice was confirmed 7 days post weaning and 

records updated retrospectively if needed. 70 days after pairing, males were removed from 

cages. Females and pups were left alone until last pups were weaned. One breeding pair in T18 

did not complete the experiment because of dystocia during the second litter; this breeding pair 

was excluded from the pups/litter analyses, but the first litter was included in appropriate 

analyses. 

Study 3 - Ovarian histology 

A separate cohort of female mice was entrained to either LDim14:10 (n=10) or LDim13:5 

(n=11) for 3 weeks. Following stable entrainment, mice were anesthetized using 4% isoflurane 

and ovaries were surgically removed. After dissection, ovaries were fixed in 60% EtOH, 30% 

37% formaldehyde and 10% glacial acetic acid on a shaker at 4°C for 24 hours. After that, 

tissue was stored at 70% EtOH at 4°C until further processing. Fixed tissue was embedded in 

paraffin and sliced at 20µm using a microtome. Every fifth slide was stained using hematoxylin 

and eosin and follicles and corpora lutea were counted in each section using a microscope. 

Follicles were not staged. For each ovary, the slice with the highest count was used as the 
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number of follicles or corpora lutea for that animal. For each animal, only 1 of the ovaries was 

counted. 

Study 4 - Mating behavior 

Sixteen mice (10 females, 6 males; 8 weeks old from Jackson labs) were entrained to 

LDim13:5 following 2 weeks of  LDim14:10. On the 5th day in T18, male mice were 

gonadectomized and received testosterone implantation as described before (Schoeller et al. 

2016) to prevent pregnancy. In short, bilateral gonadectomy was performed under 2% isoflurane 

anesthesia. Silastic brand silicone capsules (Dow Corning Corp; internal diameter 1.02 mm; 

6mm length) filled with testosterone (Sigma; T1500; 6mm) were implanted subcutaneously 

between the shoulder blades of the animal. At the end of the surgery animals received a single 

subcutaneous injection of 0.05mg/kg buprenorphine. Following 5 days of recovery, the 4 best-

entrained males were paired with 4 well-entrained females. One week later, animals were 

separated for 48 hours before males were paired with a new set of well-entrained females for 

one week. Male cages were video recorded throughout the experiment. Video recordings were 

scored for successful mounting attempts.  

Results 

Study 1a - Estrous cycling 

Wheel running behavior for two illustrative animals are presented in Figure 5.1. The 

mouse in T24 (Fig. 5.1A) is well entrained to the light dark cycle (gray shading). As in many 

individuals, a 4-5 day pattern in activity emerged that is a characteristic signature of the estrous 

cycle (Fahrbach et al. 1985; Kopp et al. 2006; Lightfoot 2008). On every 4-5 days, on days of 

proestrus, activity counts are higher than on surrounding days, especially during the second half 

of the scotophase where activity counts are more than twice as high compared to other day (red 

arrows in Fig. 5.1A). Data for the animals in T18 are represented twice: modulo 24h (Fig. 5.1B) 

and modulo 18h (Fig. 5.1C). Combined these actograms show high levels of behavioral 
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entrainment. Activity reliably lines up with the scotophases (best visible in Fig. 5.1C) and there 

is no free-running component with a near 24h cycle (best visible in Fig. 5.1B). There is no 

display of estrous cycling in this or any other animals in T18. All females in T18 were well 

entrained, as evident from high EQ-scores (0.99±0.0052). Mice for this study were born from 

dams entrained to either T24 or T18 and housed in those respective conditions until moved to 

the colony at weaning (Day 21). Pups were counterbalanced between groups and no evidence 

of statistical differences depending on history were found. 

 
Figure 5.1. Example double-plotted actograms from female mice from Study 1a that are 
exposed to T24 (A) or T18 (B/C). Data for animal in T18 are plotted in modulo 24h(B) and 
modulo 18h(C). Orange boxes indicate the 1h window during which smears were performed 
(every 24h in T18, therefore represented in B) and blue boxes indicate time of tail blood 
samples (every 18h in T18, therefore represented in C). Red arrows point at increased activity 
on days of proestrus, only indicated where confirmed by cytology. The gap in activity about one 
third into the experiment, indicates 48h of loss of wheel-running data. Only data were lost; 
animals or lighting were not affected.  

Estrous stages for four animals are represented in Figure 5.2. All illustrative animals 

progress through multiple complete estrous cycles (diestrus -- proestrus -- estrus) in the 

measured period (Fig 5.2A). Mice in T18 took, on average, 24h longer to complete a full cycle 

through all stages than did mice in T24 (4.3 ± 0.18 day vs 5.3 ± 0.32 day for T24 and T18 

respectively, (t(13.9) = 2.71, p < 0.05. Fig. 5.2A/B). All of the difference is explained by extra 

time spent in estrus, no difference in time spent in diestrus or proestrous (Fig. 5.2C). Cycle 

length variability within individuals did not differ between groups (t(8.4) = 0.74; p = 0.48). In T24 
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animals, days of proestrus based on cytology did align with activity based “proestrus days” (red 

arrows in Fig. 5.1A). Also post hoc (after knowing the proestrus days), no estrus-related 

locomotor activity patterns could be detected in T18 animals. 

 
Figure 5.2. Example cycling data for an animal in T24 and in T18 (A). The upper two animals in 
A are the same individuals represented in Figure 5.1 (Actograms). Staging is based on cell type 
composition in vaginal lavages performed every 24h for 20-24 days. Group averages of the 
proportion of days in each stages (B). * indicates significant group differences.  

 

Study 1b - Endogenous LH surge 

 As expected, all T24 animals showed significantly elevated LH concentrations on days 

of cytology-confirmed proestrus (Fig. 5.3). In T18, no elevated LH was observed in any of the 

days, despite 9/10 animals going through at least 1 day of proestrus (based on cytology) during 

the days of sampling (Fig. 5.3).  
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Figure 5.3. Serum Luteinizing Hormone concentrations from animals in Study 1b. Sampling 
days are aligned based on cytology-confirmed proestrus. Because proestrus was not on the 
same day in each animal, the total range of cycles ranges from -3 to +3 and -5 to +5 for T24 and 
T18 respectively. Each individual animal, however, only had 4 or 6 samples in each condition 
respectively. 

Study 2 - Fecundity 

Three example actograms from the three-months long fecundity study are shown in 

Figure 5.4. Because the cages housed multiple animals, and the setup does not distinguish 

which individual is in the wheel, no observations about individual entrainment can be drawn. 

EQ-scores in T18 from individual animals before pairing were 0.97±0.003 and 0.94±0.01 for 

females and males respectively. In both T24 (Fig. 5.4A) and T18 (Fig. 5.4B) the majority of 

activity occurs during the scotophases, with little activity during the day. Daily activity profiles 

appear to change depending on pregnancy and litters in the cage, but the effects are likely to be 

less pronounced than might be expected because there are males in the cage. The mice in CJL 

(Fig. 5.4) appear to be less well adapted. After each 6h phase advance, activity onsets occur 

hours after lights off, and catch up in about a week, right when the next phase shifts occur, 

causing chronic misalignment (as intended).  

For each of the breeding-pairs, reproductive output was scored (Table 5.1). Among none 

of the measures were any significant groups differences found. For both number of litters per 
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breeding pair and number of pups per litter on Day 0, groups trended to be different. None of 

the post hoc group comparisons are significant, but the trends were toward the experimental 

groups having more pups per litter, and more litters in CJL than T24 controls, against our 

expectations.  

 
Figure 5.4. 110 days worth of data. Wheel running behavior is a combination of all animals in 
the cage, can’t separate who’s running. Horizontal line is male removal. Triangle are litters 
being born. 

Table 5.1: Reproductive outcomes in Study 2. 

 
T24 (n=8) T18 (n=9) CJL (n=8) Statistics 

Number of litters (count) 2.5±0.3 2.4±0.2 3.1±0.2 H(2) = 5.4; p = 0.07 

Pups / litter at birth (count) 6.8±0.5 8.1±0.6 8.4±0.5 H(2) = 5.2; p=0.08 

Pups / litter at wean (count) 4.9±0.8 6.5±0.7 5.4±0.8 H(2) = 1.7; p=0.42 

Weight of the pups (grams) 8.2±0.4 8.5±0.3 7.8±0.3 X2(2) = 2.7; p = 0.25 

Time until first litter (days) 24±2 31±4 24±2 H(2) = 4.0; p = 0.13 

 

Study 3 - Ovarian histology 

Ovaries from animals exposed to T18 were indistinguishable from those collected from 

females in T24. The number of follicles (T24: 6.1±0.5; T18: 7.4±0.7; t(18.2) = -1.53; p = 0.14) 

and CL (T24: 4.2±0.4; T18: 4±0.8; t(14.7) = 0.22; p = 0.83) did not differ between groups. 



96 
 

Figure 5.5. Illustrative ovary images from and animals in T24 (A), and T18 (B). Example follicles 
are indicated with “#” and example corpus luteum with “*”. Counts for all animals are shown in 
(C). 

 

Study 4 - Mating behavior 

Mating behavior was observed in seven of eight breeding pairs, with one breeding 

pair (Breeding pair 2, see Fig. 5.6) showing two independent mating events. Each mating event 

contained multiple (3-20) mounting attempts over about an hour-long window. Time points for all 

mounting events were averaged. No synchronization was found between breeding pairs. Timing 

of the mating events relative to clock time and relative to zeitgeber time (i.e. LD-transitions) are 

plotted in Figure 5.6. All mating events occur between ZT7 and ZT12 (R(7) = 0.90; p<0.001), 

while there is no apparent consistency relative to clock time (R(7) = 0.01; p<0.93). 
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Figure 5.6. Timing of each mating event relative to clock time (left) and zeitgeber time (right). 
Vector is indicated with thick black line, the dotted circle indicates the significance threshold. 
Light:dark cycle is indicated with gray shading.  

Discussion 

In the present studies, reproductive function of female mice entrained to T18 was 

investigated. Mice in T18 had regular, but slightly lengthened estrous cycles compared to mice 

in T24. Unlike control animals, on days of proestrus, females in experimental conditions did not 

display altered activity profiles and lacked a surge in serum LH at the time of lights off transition. 

Despite the absence of an appropriately timed LH surge, breeding pairs in T18 did not display 

impaired fecundity compared to controls. Similarly, unlike other studies, mice exposed to 

chronic jet-lag also did not display fecundity deficits. Additionally, T18 females did display 

normal ovarian morphology and signs of spontaneous ovulation. All mating behavior occurred 

during the light phase, with seven out of eight events within a few hours before lights off. 

Together, these data identify conditions under which fertility is preserved under CJL; establish 

that fertility and estrous cycling persists under 18h behavioral entrainment and identify changes 

in the temporal patterning of neuroendocrine events.  

Estrous cycles 

Estrous cyclicity had been demonstrated to be distorted as a consequence of altered 

circadian rhythmicity. Therefore, the regular and stable estrous cycles in females mice in T18 
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are somewhat surprising. The precise mechanisms of the circadian gating system regulating 

ovulation is still unknown, but probably involves a network of hypothalamic nuclei. If, like 

behavior, the hypothalamus, which also included the SCN, entrained to 18h rhythms, a faster 

estrous cycle could be expected in T18 compared to T24. If, on the other hand, hypothalamic 

areas uncouple from behavioral control and continue to cycle on near 24h rhythms, equal 

estrous cycles might be expected. Surprisingly, estrous cycles in T18 were about a day slower 

than in T24. Although no mechanistic studies have been performed thus far, slower estrous 

cycles, despite a faster circadian system providing the timing of the gating, could be explained 

by a simple coincidence model: To trigger an ovulation-inducing LH surge, a combination of 

sufficiently high levels of E2 and a temporally defined gating signal are required (Wintermantel 

et al. 2006; Williams et al. 2011; Williams and Kriegsfeld 2012). Our histological ovarian 

analysis indicates normal follicle development, which suggests E2 build up, independent of the 

circadian system. One could expect the time it takes to reach threshold E2 levels to be equally 

long independent of circadian conditions. Then, ovulation happens in the first circadian window 

after threshold has been reached. If, for example, E2 build up takes 95 hours to reach threshold, 

T24 would have its next gate, and therefore ovulation at 96 hours (4x24), but T18 would have 

just “missed” the window at 90 hours (5x18) and now needs to wait until 108 (6x18) before 

ovulation occurs. Therefore, a simplistic mathematical coincidence model could explain slower 

estrous cycles in T18 than T24, even if critical areas in the hypothalamus run at 18 hours.  

Surge & ovaries 

The lack of LH surges at the end of the light phase suggest that the timing of the LH 

surge relative the the LD-cycles has been altered in T18. Alternatively, male-induced ovulation, 

as seen in other mammalian species (Carter et al. 1989), could explain the combined 

observations of the lack of an LH surge at lights off in isolated females, yet full fecundity in 

breeding pairs in T18. However, ovarian morphology and counts of follicles and corpora lutea in 
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T18 indicate that spontaneous ovulation persists in T18. Therefore, it remains to be determined 

if LH surges, and therefore ovulation, in T18 happen at different consistent time, or that surges 

are unpredictable under these conditions. Additionally, we cannot rule out the possibility that 

any LH surge in T18 has markedly lower amplitude and therefore might be undetectable, as 

seen in Bmal1-/- mice that showed ovulation but seemingly lack a detectable LH surge (Chu et 

al. 2013). 

Fecundity 

Mice that were exposed T22 or T26 had impaired pregnancy efficacy as long as 

exposed to T-cycles both before and during pregnancy (Endo and Watanabe 1989). 

Presumably, mice in these T-cycles were not entrained, but that is not explicitly commented on 

in the paper. Furthermore, four 6h phase advances during pregnancy had lower percent of 

pregnancies carried to term than did control mice (Summa et al. 2012). Because T18 

entrainment requires daily instead of weekly phase advances from a near 24h FRP, and T18 is 

more extreme than T22, exposure to T18 could be expected to be worse for reproductive health 

than either CJL or T22/T26. On the other hand, mice in T18  do not show the misalignment of 

activity with the LD cycle that is common in CJL, but instead are behaviorally entrained. 

Comparing performance in T18 and CJL could distinguish between effects of non-24h cycles 

and lack of entrainment on health. In Study 2, surprisingly, neither T18 nor CJL breeding pairs 

showed impaired fecundity compared to T24 control animals. Although not significant, the 

experimental groups may even have had more litters per breeding pair and more pups per litter. 

These trends make it unlikely that negative effects of CJL were not observed due to insufficient 

statistical power in the study. The absence of an effect in T18 suggests that a lengthening of 

estrous cycles by 1 day (Study 1) did not affect fecundity and may suggest that T18 is not a 

form of circadian disruption. The lack of a negative control (in this case, CJL), however, does 

not allow for a strong case on the latter interpretation.  
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Notably, CJL did not affect fecundity in our study, while it did in the same strain of mice 

in earlier report (Summa et al. 2012). Potential methodological differences explaining these 

seemingly contradicting results include the phase shifting schedule. Whereas in our study 

animals were phase shifted every 7 days, starting before pairing and all the way through 

weaning, in the earlier report animals were phase shifted every 5-6 days and only during 

gestation. However, weekly phase shifts have been shown to be severe enough to induce 

deficits in other contexts; e.g. (Davidson et al. 2006; Adams et al. 2013).  Additionally, mice in 

our study had access to a running wheel. Voluntary activity, or maybe even wheel running per 

se, has been shown to be protective against stress-induced depression (Solberg et al. 1999), 

and caused changes in overall physiology and circadian activity patterns; reviewed in (Novak et 

al. 2012). Although we are not aware of any direct studies on the mediation of running wheels in 

the effect on circadian disruption on reproductive health, it is theoretically possible that wheels 

are important. In addition to highlighting the potential importance of wheels or any other 

methodological details, the lack of replication of these findings might suggest that paradigms 

used to study circadian disruption might not be not very generalizable to other context in 

rodents, let alone human shiftworkers. Importantly, despite common objection, it has been 

argued that access to wheels represents a more ecologically relevant condition (Meijer and 

Robbers 2014). 

Timing of mating behavior 

In T24, the majority of mating occurs between three and six hours after lights off (Snell et 

al. 1940). In contrast, all mating events in T18 occurred during the light phase, with seven out of 

eight mating events occurring between 1 and 3.5 hours before lights off. Because males were 

castrated, we were able to observe multiple events within the same breeding pair. Only one pair 

however, did show a second mating event. The interval between the two mating events was six 

18h cycles, corroborating estrous cycle lengths of ~5 24h days from Study 1a. In other 
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pairs females may have experienced pseudo pregnancy following the first penetration, delaying 

a potential second mating beyond the scope of the experiment. Overall, the timing of mating 

behavior relative to the 18h light:dark cycle is consistent between and within breeding pairs. 

This timing, however, is 6 hours earlier relative to lights off than reported mating time in T24. If 

the relative timing between LH surge, mating behavior, and ovulation remains consistent (Snell 

et al. 1940) in T18, this relative phase shift might explain the lack of LH surge around lights off 

(Study 1b). 

In summary, we have demonstrated that the temporal organization of reproductive 

function in female mice entrained to T18 has been altered. This does not, however, lead to 

impaired reproductive function, unlike mice in non-24h conditions in earlier reports. These 

results expand on the characterization of physiology under enhanced circadian plasticity and 

provide a model to study temporal dynamics in the hypothalamus. 
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Chapter 6. General discussion and conclusion 

Summary 

In this dissertation, I have demonstrated that in permissive conditions the circadian 

system of a mouse can be markedly more flexible than predicted by classical entrainment 

theory. I have demonstrated that entrainment in 18 hour days can be induced repeatedly, 

rapidly, and robustly. Enhanced behavioral plasticity showed, at least in part, signs of bona fide 

entrainment such as a predictable phase in constant dark and entrained core body temperature 

rhythms. Dim light at night and bifurcation after-effects were each sufficient to facilitate 

behavioral entrainment in T18. I have shown that, unlike control animals in T24, flexibly 

entrained mice in T18 do not show transient misalignment following a phase shift. Combined 

with the lack of large phase angle of entrainment, this suggests that behavior in T18 is not 

controlled by a non-parametrically entrained strong circadian oscillator with canonical oscillator 

characteristics. Additionally, behavioral entrainment does not depend on the traditional clock 

gene interactions. Despite 18h rhythms in the light:dark cycle, behavior, and core body 

temperature, clock gene expression rhythm in the SCN, liver, and kidney do not follow an 18 

hour rhythm and are instead better explained by a near 24h rhythm. Because in these 

conditions activity can be scheduled at any time during the day without the need for a long 

transitional period, entrainment in T18 has the potential to facilitate adaptation in shiftwork-like 

schedules. Furthermore, the temporal organization of the reproductive axis is altered in T18 

compared to T24. This does not, however, result in impaired reproductive function as seen in 

other non-24h contexts. All together, we have developed an attractive model to investigate 

under-explored plasticity to the circadian system, mechanisms driving behavior in extreme 

entrainment and test mechanistic hypotheses of how circadian disruption causes negative 

health outcomes.  
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Integration into a working model 

Based on the observation of adapted behavior to T18, three main hypotheses can be 

made on how it is controlled: A) “Entrained” - Dim light at night alters the entire circadian system 

such that its range of entrainment is larger and can adapt to T18 ; B) “Uncoupled” - Control of 

behavior is uncoupled from the SCN. While behavior is controlled by light at 18h, the SCN 

continues to keep track of 24h time. This could be either in a free-running state or because it is 

entrained to T24 harmonics; C) “Dampened” - The circadian system is completely suppressed. 

While behavior is controlled by light at 18h, the SCN is dampened to a low amplitude or 

arrhythmic state and does not continue to keep time (Fig. 6.1). 

In Chapter 2, phase of activity in constant darkness was predicted by time of release. If a 

strong circadian oscillator kept track of 24h time, phase would be predicted by the phase of that 

clock. If phase was consistent between animals, this would have resulted in clustering at a 

phase independent of time of release, or in random phases if animals were all free-running 

independently. The observations of a phase predicted by time of release can not distinguish 

between an “Entrained” oscillator and one that is “Dampened” but starts back up or is reset- 

when released in DD. This chapter does, however, discount the “Uncoupled” hypothesis. In 

Chapter 3, no evidence of a strong circadian oscillator controlling behavior in T18 was 

observed. At least, not of an oscillator that shares characteristics of the slow-shifting oscillator in 

T24. In combination with the lack of phase angles, this rejects the “Entrained” hypotheses, but 

can not distinguish between “Uncoupled” or “Dampened”. The gene expression data in Chapter 

4, provides strong evidence for a 24h oscillator that is “uncoupled” from behavior. We cannot 

distinguish between an entrained vs free-running circadian clock, but the 24h oscillation is 

apparent. In Chapter 5, the lengthened estrous cycle seems to not unambiguously provide 

evidence rejecting or supporting any of these hypotheses. The fixed timing of mating behavior 
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relative to the light:dark cycle, on the other hand, strongly suggests that at least part of the 

hypothalamus might be adapted to 18h rhythms.  

 

Figure 6.1. Summary of experiments. Each of the chapters is mapped onto hypotheses to show 
which is supported by the data.   

Evidently, different chapters favor different alternative hypotheses and it is not 

immediately clear how to resolve this seeming conflict. One possibly important factor is the 

length of time spent in T18. While clock gene expression data was measured after only 10 days 

in T18 light cycles, animals in all other experiments had been in T18 for at least 2 weeks. 

Perhaps at first, following an acute transition to T18, behavior becomes uncoupled. Then, over 

time, the core oscillator dampens. Although untested in these conditions, repeated light 

exposure at all multiple phases -- as would happen with a free-running SCN in T18 -- 

theoretically has the ability to drive the SCN to an arrhythmic state (Grone et al. 2011). Unlike in 

T18, however, the arrhythmic SCN in the cited work led to arrhythmic behavior. Alternatively, 

not all rhythms in the hypothalamus need to respond in the same way. While (parts of) the SCN 

might free-run, other areas could adapt to T18 to control mating behavior, for example. Only the 

characterization of clock gene expression in other areas and at different points in time could 

differentiate between these working models. 
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Unresolved questions 

Although the work presented in this dissertation provides significant insight into the 

characteristics, mechanisms, and consequences of enhanced circadian plasticity, several 

questions remain unanswered. First, for an entrained animal in T18 behavior has 18h rhythmity, 

while the SCN is at 24h. Therefore, behavior seems uncoupled from control of the SCN. This 

uncoupling is reliably facilitated by dim light at night, at illuminance levels that have been 

reported to be too weak to have circadian impact (Brainard et al. 1982; Brainard et al. 1984; 

Nelson and Takahashi 1991a; Nelson and Takahashi 1991b; Brainard et al. 2001). So far, 

mechanisms remain unclear, but based on the light intensity rod-mediated pathways might be 

expected. Additionally, it is unclear what controls behavior, especially after release in constant 

dark. With an SCN that keeps 24h time, phase in DD would not be expected to be predicted by 

time of release. As speculated above, it is possible that the SCN become dampened or 

arrhythmic over time. Alternatively, the SCN might continue to keep time, but become easily 

resettable, such that the transition to DD resets the phase.  

Furthermore, the SCN is thought to be responsible for the circadian gating in ovulatory 

control. As part of this neuro-endocrine cascade, mating behavior is typically limited to the fertile 

window following ovulation.  Yet, in our experiments, the SCN has 24h rhythmicity while mating 

behavior appears to be controlled on an 18h basis. The timing of mating behavior relative to 

light off, however, has been altered. Perhaps, that explains the lack of LH surge around lights 

off. The mechanisms controlling the temporal organization in the hypothalamus, including the 

SCN remain to be determined. Extra-SCN hypothalamic nuclei might be responsible for the 

timing of mating behavior. Understanding these temporal dynamics could additionally provide 

guidance in finding the timing of an LH surge in T18. 
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Appendix A 

Supplemental material to Chapter 2 

 

 

Figure S1. Schematic light schedules in (A, B) hours and (C, D) angular degrees. Left and right 
panels depict Bif and nBif conditions, respectively. Gray represents night periods, all of which 
were dimly illuminated.  Photophases are unshaded.  
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Figure S2. (A) Representative actogram around transition from T18 to constant Dim. Circles 
show activity onset and the white dashed lines represent the regression fit to project onset of 
day of release. (B) Angular plots of projected activity onset at release in DimDim. Phase angles 
are relative to onset of constant conditions. Radial line represents the mean vector. 
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Figure S3. Representative double-plotted actograms of (A, B) General Locomotor Activity and 
(C, D) recorded Body Temperature from Experiment 1. Every cycle is divided into 360 degrees. 
In every line, dark represents high activity/temperature and white represents low 
activity/temperature. Gray bars indicate lighting schedule, with gray being night and white being 
the light phase.  
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Figure S4. Entrainment quotients in LDim 13:5 for running wheel (RW) and body temperature 
(Tb) data for initially bifurcated and non-bifurcated animals from Experiment 1.  
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Figure S5. Individual periodograms for RW and Temp for all animals from Experiment 1. Solid 
vertical line indicates 18h period and dashed lines indicate the circadian range used to find the 
circadian peak. 
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Figure S6. Representative actograms of (A) RW and (C) Tb in LDimLDim 7:5:7:5 from 
Experiment 1. Wheel blocking indicated by rectangles starting at 11th day of Phase 1. B and D 
show data from the same animal of (B) RW and (D) Tb in LDim 13:5. Wheels were blocked 
starting on cycle 15. All data are from the same animal. Conventions as in Figure 2.1. 
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Figure S7. Tb’ averaged across 72 hours of wheel blocking in 24h conditions in Experiment 1. 
Conventions as in Figure 2.3  
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Figure S8. (A). Periodogram amplitude at 18h and in the circadian range for animals in LD13:5, 
from Experiment 2. (B) Entrainment quotient in LD13:5. Boxes represent interquartile range and 
median. 
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Figure S9. Linear regressions between entrainment quotient and total weight gain in (A) 
Experiment 1 and (B) Experiment 2. Lines represent best linear fit. Weight gain = (BWafter – 
BWbefore ) / BWbefore. 

 

 




