
UC San Diego
UC San Diego Previously Published Works

Title
Circadian rhythm bifurcation induces flexible phase resetting by reducing circadian 
amplitude.

Permalink
https://escholarship.org/uc/item/6332r3fv

Journal
The European journal of neuroscience, 51(12)

ISSN
0953-816X

Authors
Noguchi, Takako
Harrison, Elizabeth M
Sun, Jonathan
et al.

Publication Date
2020-06-01

DOI
10.1111/ejn.14086
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/6332r3fv
https://escholarship.org/uc/item/6332r3fv#author
https://escholarship.org
http://www.cdlib.org/


 

 1 

Journal section: Research Reports 

Circadian rhythm bifurcation induces flexible phase resetting by reducing 

circadian amplitude 

Takako Noguchi1*, Elizabeth M. Harrison1,3, Jonathan Sun1,3, Deborah May 1,3, Alan 

Ng1,4, David K. Welsh1,2,5, and Michael R. Gorman1,3 

1 Center for Circadian Biology, UCSD, 9500 Gilman Drive #0109, La Jolla, CA 92093, 

US 

2 Department of Psychiatry, UCSD, 9500 Gilman Drive #0603, La Jolla, CA 92093, US 

3 Department of Psychology, UCSD, 9500 Gilman Drive #0109, La Jolla, CA 92093, US 

4 Department of Biology, UCSD, 9500 Gilman Drive #0109, La Jolla, CA 92093, US 

5. Veterans Affairs San Diego Healthcare System, 3350 La Jolla Village Drive, San 

Diego, CA 92161, US 

Running head: Bifurcation induces flexible resetting 

Key words:PER2, bioluminescence, jet-lag, mouse, suprachiasmatic nucleus 

* Corresponding author: TN: tnoguchi@ucsd.edu, Tel: 858-822-2465 

Numbers of pages: 27, figures: 6, supplementary figure:1, supplementary table:1 

Number of words in: (i) whole manuscript 8820; (ii) Abstract: 248 

  



 

 2 

ABSTRACT  

Shiftwork and jet-lag-related disorders are caused by the limited flexibility of the 

suprachiasmatic nucleus (SCN), a master circadian clock in the hypothalamus, to adjust 

to new light-dark (LD) cycles. Recent findings confirmed here establish that behavioral 

jet-lag after simulated time-zone travel is virtually eliminated following bifurcated 

circadian entrainment under a novel and atypical 24-h light:dark:light:dark (LDLD) cycle. 

To investigate the mechanisms of this fast resetting, we examined the oscillatory 

stability of the SCN and peripheral tissues in LDLD-bifurcated mice employing the 

dissection procedure as a perturbing resetting stimulus. SCN, lung, liver, and adrenal 

tissue were extracted at times throughout the day from female and male 

PER2::Luciferase knock-in mice entrained to either LDLD or a normal LD cycle. Except 

for adrenals, the phase of the cultured explants was more strongly set by dissection 

under LDLD than under normal LD. Acute bioluminescence levels of SCN explants 

indicate that the rhythm amplitude of PER2 is reduced and phase is altered in LDLD. 

Real-time quantitative PCR suggests that amplitude and rhythmicity of canonical clock 

genes in the lung, liver, and kidney are also significantly reduced in LDLD in vivo. 

Furthermore, spatiotemporal patterns of PER2 peak time in cultured SCN were altered 

in LDLD. These results suggest that altered gene expression patterns in the SCN 

caused by bifurcation likely result in fast resetting of behavior and cultured explants, 

consistent with previously reported mathematical models. Thus, non-invasive, simple 

light manipulations can make circadian rhythms more adaptable to abrupt shifts in the 

environmental LD cycle. 
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INTRODUCTION  

In modern industrial societies, disrupted circadian rhythms of shift workers and 

frequent jet travelers are common problems that likely contribute to increased risks of 

cancer, cardiac diseases, and infertility (Portaluppi et al., 2012; Evans & Davidson, 

2013). In mammals, circadian rhythms of physiological functions are controlled by the 

suprachiasmatic nucleus (SCN), a master biological clock located in the hypothalamus 

(Mohawk et al., 2012; O'Neill & Feeney, 2014). The SCN pacemaker is synchronized to 

the day/night cycle by light input from the retina, and in turn generates various rhythmic 

outputs, including neuronal, humoral, thermal, behavioral, and metabolic signals, to 

synchronize other tissues and organs outside the SCN (Colwell, 2011). Under normal 

circumstances, robust circadian rhythms enable organisms to anticipate external cycles 

and optimize the efficiency of biological systems. However, because of the robust and 

resilient oscillatory properties of the neural circadian pacemaker, it takes several days to 

adjust to a new environmental schedule after rapid travel across timezones or to night-

time work schedules (Burke et al., 2013; Harrison & Gorman, 2015; Madisen et al., 

2015).  

     A transcription-translation negative feedback loop underlies circadian oscillations in 

the SCN and most other cells in the body. This core loop involves activation of Period 

(Per1, Per2, Per3) and Cryptochrome (Cry1 and Cry2) gene transcription by a 

BMAL1/CLOCK heterodimer and delayed inhibition of this process by complexes 

containing PER and CRY proteins (Mohawk & Takahashi, 2011). Neuronal signaling 

among SCN neurons, via neurotransmitters such as vasoactive intestinal peptide (VIP) 

and arginine vasopressin (AVP), is necessary for SCN synchronization. Interference 
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with such signaling facilitates desynchronization among cellular oscillations and can 

result in enhanced phase-resetting to changing light-dark cycles (An et al., 2013; 

Yamaguchi et al., 2013; Mieda et al., 2015). In our previous studies, we found that 

enhanced resetting of rest/activity rhythms was achievable with simple manipulations of 

the ambient light environment, such as addition of extremely dim illumination (< 0.1 lux) 

during nighttime (Evans et al., 2009).  Additionally, exposure to 24 h LDLD cycles with 

dim light at night induces a bifurcated entrainment pattern in which locomotor activity is 

divided between the twice daily scotophases. Like dim nocturnal illumination alone, 

bifurcation enabled highly flexible entrainment and resetting to a range of challenging 

experimental conditions in hamsters and mice (Harrison & Gorman, 2015; Harrison et 

al., 2016). Clock gene rhythms between subregions of the SCN were temporally 

reorganized with respect to one another under LDLD conditions (Watanabe et al., 2007; 

Yan et al., 2010).  

While the ambient light cycle is considered the dominant time cue for mammalian 

circadian rhythms, the SCN receives multiple inputs, and its phase can be shifted by 

multiple cues including melatonin and locomotor activity (Jones et al., 2015). The 

stimulus of dissection itself, or other techniques commonly utilized in studies of the 

molecular biology of circadian rhythms, can also alter the circadian rhythm of the SCN 

(Yoshikawa et al., 2005; Evans et al., 2012).  

To understand the mechanisms of fast resetting of activity rhythms following LDLD-

bifurcation, we here studied plasticity of the circadian phase of cultured SCN and 

peripheral organs in LDLD-bifurcated mice using the dissection procedure as an 

external stimulus. We examined the circadian amplitude of peripheral organs in LDLD-
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bifurcated mice by Real-time quantitative PCR (qPCR), and amplitude of the SCN by 

initial PER2::Luciferase (PER2::LUC) intensity in tissue explants. Furthermore, to 

understand SCN network modulation by the LDLD condition, we analyzed the 

spatiotemporal phase map of PER2 expression in the cultured SCN. 

MATERIALS AND METHODS 

Animals 

For this study, we used an alternative PER2::LUCIFERASE (PER2::LUC) knockin 

mouse line incorporating an SV40 polyadenylation site to enhance expression levels 

(PER2::LucSV) (Welsh et al., 2004; Yoo et al., 2017). The mice were developed at 

Northwestern University and bred as homozygotes. Wild-type mice (WT, C57BL/6J) 

were bred from Jackson Laboratory stock (Sacramento, CA, USA). To avoid genetic 

drift, we backcrossed PER2::LUC mouse with newly purchased WT for a few 

generations about every two years. Both male and female mice were used. Our 

experiments depict common properties in both sexes and are not designed to find sex 

differences. Studies were conducted with the approval of the Institutional Animal Care 

and Use Committee at University of California, San Diego.  

Light conditions 

     We previously reported that behavioral rhythm bifurcation of rodents is facilitated by 

an LDLD condition with dim green illumination (560 ± 23 half-bandwidth nm, < 0.1 lux) 

presented continuously throughout all scotophases (Evans et al., 2011a). In this paper, 

we refer to both LD 14:10 and LD 16:8 as “LD,” and to both LDLD 7:5:7:5 and LDLD 

8:4:8:4 as “LDLD.” Previously, we have shown that rodents in either LDLD condition 
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(LDLD 7:5:7:5 or 8:4:8:4) exhibit stable bifurcated rhythms whereas animals in both LD 

conditions (LD 14:10 or 16:8) exhibit typical, non-bifurcated rhythms (Harrison & 

Gorman, 2015; Harrison et al., 2016) (Fig. 1A-B).  

     To conduct longitudinal monitoring of PER2::LUC expression in cultured explants, 

PER2::LUC mice aged more than 9 weeks were initially maintained in LD 14:10 (Lights 

on 5:00-19:00 Pacific Standard Time (PST), with complete darkness in the scotophase) 

or reversed LD 14:10 (12 h shifted from normal LD) in light-tight chambers that enable 

stable re-entrainment of rodents (Gorman & Elliott, 2003; Harrison & Gorman, 2015). A 

randomly selected subset of animals was transferred to individual cages with running 

wheels under LDLD 7:5:7:5. To facilitate bifurcation, dim green illumination was applied 

during the scotophase of LDLD, but not of LD to reproduce standard conditions in most 

laboratories (Gorman & Elliott, 2003). Mice were maintained in each lighting condition 

for a minimum of two weeks. The beginning of lights off was defined as zeitgeber time 

(ZT) 12. For LDLD mice, the light offset that coincided with lights off in their prior LD 

schedule was designated as ZT 12. LDLD mice were selected for dissection after visual 

inspection of the actograms verified that they were well bifurcated. For luminometer 

recordings, euthanasia for tissue collection occurred at various times throughout the 

day. For SCN imaging, tissues were collected at ZT 1. A total of 106 PER2::LUC mice 

were used in culture experiments. For evaluation of circadian rhythms in clock gene 

expression using qPCR, 4 - 9 week-old WT mice were entrained under LD 16:8 or in 

reversed LD 16:8 for a minimum of 2 weeks to facilitate tissue collection. Animals were 

subsequently housed in individual cages with running wheels and randomly assigned 

to groups. Half the animals remained under normal or reversed LD 16:8, and half 
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were moved to LDLD 8:4:8:4 to induce bifurcation. Dim scotophase illumination was 

applied in both LD and LDLD conditions. In each condition, 4-5 randomly selected 

mice were sacrificed every 4 h at ZT 2, 6, 10, 14, 18, and 22. ZT was defined as 

described above. A total of 60 WT mice were used for qPCR. 

     To conduct a simulated behavioral jet-lag experiment, 36 WT mice (12-15 weeks-

old) were initially maintained in LD14:10. Animals were then moved to individual cages 

with running wheels, and randomly selected to be in one of two groups. Eighteen 

animals were maintained under LD and 18 animals were housed under LDLD 7:5:7:5 

(lights on at ZT 0 and ZT 12) for more than two weeks. Again, dim scotophase 

illumination was applied during scotophase of both LD and LDLD to facilitate bifurcation 

(Gorman & Elliott, 2003; Harrison & Gorman, 2015). Then, 6 animals from each LD or 

LDLD group were moved to 3 differently phased LD cycles (+6, 0, or -6 h shifted from 

original LD) with completely dark scotophases. 

     Variation between experiments in the use of dim nighttime lighting reflected needs to 

induce bifurcation reliably, control for dim light exposure and/or avoid ceiling/floor 

effects in behavioral experiments, and are not expected to contribute critically to the 

main experimental outcomes. 

Behavioral data collection and analysis 

     Wheel running activity of mice was recorded as described previously (Harrison & 

Gorman, 2015). Behavioral jet-lag was quantified by calculating the deviation between 

the new lights off and activity onsets on day 1 and 2. Activity onsets were automatically 

detected by the onset function of ClockLab Analysis (Actimetrics, Evanston, IL, USA).  
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     A Bifurcation Symmetry Index (BSI) was calculated over the last 3 days before 

simulated time-zone travel as described previously (Harrison et al., 2016). Of the 18 

mice subjected to the LDLD condition, 11 mice (61%) exhibited BSI values over 0.5. 

These 11 mice were categorized as well-bifurcated and included in behavioral analyses.  

Clock gene expression in fresh organ samples 

     WT mice were anesthetized by isoflurane and decapitated. When tissues were 

collected during the scotophase, decapitation and enucleation were performed under dim 

red light (<1 lux). Lung, liver, and kidney samples (one sample was obtained from each 

tissue from each animal) were immediately frozen on dry ice and stored at -80°C until 

processed. Tissue was homogenized and total RNA was purified using an RNeasy Mini 

Kit (Qiagen, Venlo, Netherlands). cDNA was synthesized using the Super Script III First-

Strand Synthesis System for qPCR (Thermo Fisher Scientific, Waltham, MA, USA). qPCR 

was performed on a CFX384 Real-Time Detection System with SYBR Green (Bio-Rad, 

Hercules, CA, USA) according to the manufacturer’s instructions. The following primer 

pairs were used. mActb (forward:ggctgtattcccctccatcg, reverse: ccagttggtaacaatgccatgt). 

mPer1 (forward:ggcaatggcaaggactcag, reverse:ggaggctgtaggcaatggag). mPer2 

(forward: tgttccgacatgcttgcg, reverse:gaaacagcttcctctgctccag). mCry1 (forward: 

actgaggcacttacacgtttgg, reverse:gcagggagtttgcattcattc). mCry2, 

(forward:tgcactggttccgcaaag, reverse:accacgggtcgaggatgtag). mClock 

(forward:atggtgtttaccgtaagctgtag, reverse:ctcgcgttaccaggaagcat). mBmal1 (forward: 

agataaactcaccgtgctaaggatg, reverse:gttggcttgtagtttgcttctgtg). 

     qPCR reactions were duplicated for each sample. Quantification cycle (Cq) was 

obtained by setting a relative fluorescence unit threshold of 500 (CFX Manager software, 
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Bio-Rad). Gene expression levels relative to mActβ were calculated from average Cq of 

duplicates using the ΔΔCT method (Grone et al., 2011). Approximate qPCR efficiency 2 

was used. Two out of 30 lung samples from the LD condition were found to have relative 

expression levels > 3 SD from the mean in three genes, and were excluded from analysis. 

Statistically significant rhythmicity was assessed by JTK test (Hughes et al., 2010).  

Long-term PER2::LUC monitoring in cultured explants 

PER2::LUC mice were euthanized as described in the above section. Dissected brain, 

lung, liver, and adrenal gland were held in ice-cold HBSS (Corning 21-022-CV, Corning, 

NY) and processed further as described previously with minor modifications (Noguchi et 

al., 2012). The SCN was cut into 300 µm slices for luminometer monitoring (LumiCycle, 

Actimetrics) and 200 µm slices for imaging using a vibratome (Vibratome 1000 plus, 

Leica, Wetzlar, Germany or Lafayette Instrument, 7000smz, Lafayette, IN). 1 mM D-

luciferin potassium salt (BioSynth L-8220; Staad, Switzerland) was supplied in tissue 

culture medium. Culture dishes were covered by 40 mm circular coverslips (Thermo 

Fisher Scientific, 40CIR1), sealed in place with vacuum grease (Dow Corning, Midland, 

MI) to prevent evaporation. Dissection processes were performed by an experimenter. 2 

– 5 mice were sacrificed per experiment. The typical time course of a dissection process  

as follows: (1) euthanasia and tissue collection (~ 1 h), (2) relocation from vivarium to 

the laboratory (~15 min), (3) dissection of three peripheral tissues with duplicates (~15 

min/mouse), (4) SCN isolation (~20 min/mouse), and (5) device setup (~30 min). 
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Luminometer data collection and analysis 

For measuring luminescence rhythms from explants, we placed the sealed 35 mm 

culture dishes into a luminometer (LumiCycle, Actimetrics, Inc., Wilmette, IL), inside a 

standard tissue culture incubator set at 35°C, dry, 0% CO2. Luminescence from each 

dish was measured by a photomultiplier tube for 70 s at intervals of 10 min and 

recorded as counts/sec over 6 days as described previously (Noguchi et al., 2016). 

When the average bioluminescence intensity over 6 days did not exceed 40 counts/s 

above the background level (10–50 counts/s) or dropped to background level within 4 

days, the explant was considered damaged, and was excluded from analysis (59/490 

explants). To construct average bioluminescence traces, raw data were detrended by a 

24 h running average, then normalized to average intensity from 0.5 to 5.5 days after 

start of recording. Normalized luminescence values of explants dissected at the same 

time range (ZT 1, 5, 9, 13, 17, 21 ± 2 h) were averaged over time. To assess circadian 

rhythmicity, the FFT (Fast Fourier transform) algorithm of Lumicycle Analysis 

(Actimetrics) was applied to processed data from 0.5 to 3.5 days after start of recording. 

The explants were considered to have robust circadian rhythmicity when the maximum 

amplitude calculated by FFT algorithm exceeded 0.43 (in the range 18-34 h). 

Recordings were then subjected to analyses for peak time and amplitude determination 

employing methods described previously (Liu et al., 2007; Ko et al., 2010). While only 

59% of 138 liver explants were categorized as rhythmic, more than 91% of SCN, lung, 

and adrenal gland explants (out of 81-106 explants) were categorized as rhythmic. For 

peak time and amplitude analysis, a 24 h running average was subtracted from each 

raw data point and smoothed over 10 data points (100 min). Peak time was defined as 
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the first peak after 0.5 days from the start of recording. To calculate amplitude, the best-

fit sine wave was obtained by applying the LM fit (sin) algorithm of Lumicycle Analysis to 

5 consecutive days of data (range 0.5-5.5 days). The obtained raw amplitude of each 

explant was normalized to the mean bioluminescence intensity of each explant for the 

same 5 days.  

Statistically significant PER2::LUC rhythmicity was assessed by JTK analysis of 

initial PER2::LUC intensity of SCN explants initiated at different times (Hughes et al., 

2010). To accommodate JTK analysis, 5 data points were randomly selected from the 5 

- 9 data points available at each time. 

Bioluminescence Imaging and data analysis 

PER2::LUC expression in the SCN was imaged using 3 different setups: (1) Welsh 

lab Dark Room 1 (D1) system described previously (Welsh et al., 2004), (2) Welsh lab 

Dark Room 2 system (D2) described previously (Beesley et al., 2016), and (3) Gorman 

lab LV200. Briefly, both D1 and D2 systems are based on an inverted microscope 

(Olympus IX71, Tokyo, Japan) equipped with a low noise CCD camera (D1: Series 800, 

Spectral Instruments, Tucson, AZ; D2: iKon-M; Andor, Belfast, UK) and a heated lucite 

chamber around the microscope stage to keep at a constant 36°C. The microscopes 

rested on an anti-vibration table (TMC, Peabody, MA) in a dark, windowless room, 

isolated by black curtains. In setups D1 and D2, a 10x lens (Olympus, UPlanSApo, NA 

0.40) was used.  

In the Gorman lab, the Olympus LV200 bioluminescence imaging system was 

positioned on an air table (63-32204-01, TMC, Peabody, MA) and equipped with a 20x 

objective lens (UCPlan FLN/NA 0.7, Olympus) and 0.5x tube lens (LV200-TL5, 
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Olympus) to achieve final 10x magnification. Images were taken by a low noise CCD 

camera (iKon-M 934, Andor, Belfast, UK), cooled by a water chiller (Oasis 160, Solid 

State Cooling System, Wappingers, NY). To focus on bright field images, yellow LED 

light (GYX 540-600 nm) of a high power LED light source (XLED1, Excelitas 

Technologies, Waltham, MA) was used. Brightness of LED light was reduced by 3 

layers of 6% neutral density filters (ND6, Olympus). Stray light from the light source was 

blocked by a thick metal block placed in a motorized wheel of a condenser (IX2-UCB, 

Olympus). Stage and lens were motorized by ProScanIII (Prior Scientific, Cambridge, 

UK). Samples were incubated at 36-37°C by a stage top incubator (INUF-LV200-MT, 

Tokai Hit). Two culture plates were imaged alternately by the motorized stage. 

Metamorph (Molecular Devices, Sunnyvale, CA) was used to integrate LV200 

components and analyze images.  

     In all three systems, bioluminescence was imaged by 29 min exposures at intervals 

of 30 or 60 min with no binning and slowest readout speed (50 KHz). Samples were 

typically imaged for 5 - 7 days. A stack file of time-series images was created as 

described previously (Welsh et al., 2004). To visualize the spatiotemporal pattern of 

peak times across the SCN slice, a MatLab script developed by Dr. Tanya L. Leise was 

applied (Evans et al., 2013). To analyze peak time differences between dorso-medial 

(DM) and centrolateral (CL) regions of the SCN statistically, MetaMorph software was 

used to divide the SCN into three dorsal/ventral segments of equal height. A circular 

region of interest (ROI), approximately 100 µm diameter, was placed on the medial 

edge of the dorsal layer (DM region) and in the lateral edge of central layer (CL region) 

bilaterally. The position of the ROI was adjusted if the slice moved during imaging. 



 

 13 

PER2::LUC intensity values in each region were exported to Excel (Microsoft, 

Redmond, WA).  

RESULTS 

Flexible resetting of cultured SCN and peripheral tissue clocks after bifurcation  

To evaluate the flexibility of circadian rhythms of various tissues prepared from LD or 

LDLD mice, we used dissection as an external perturbing stimulus. We analyzed 

circadian parameters of PER2::LUC bioluminescence intensity from cultured SCN, lung, 

liver, and adrenal gland, dissected from mice at various times of day. One or two 

explants were obtained from each tissue from each animal and each time-point 

includes data from more than 4 animals. The number of explants and animals from 

which explants derived were described in Fig. S1. Mathematical models predict that, 

other factors being equal, a large amplitude oscillator shifts phase less than smaller 

amplitude oscillator when the size of resetting stimulus is held constant (Barrett & 

Takahashi, 1997; Winfree, 2001; Johnson et al., 2003). Motivated by this theory, we 

hypothesized that if the circadian amplitude of a tissue is large in a living animal, the 

cultured tissues will show similar peak times regardless of the time of dissection (Fig. 

1C-D). On the other hand, if the functional circadian amplitude of a tissue is sufficiently 

reduced in a living animal, the rhythm of the cultured tissue will be reset by dissection 

completely and peak time will be dependent on the dissection time (Fig. 1E-F). The 

notion of large and small amplitude oscillators can be alternatively formulated in terms 

of weak (Type 1) and strong (Type 0) resetting, respectively. For simplicity we present 

our argument with respect to pacemaker/oscillator amplitude. We further note that 
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individual clock components or outputs (PER2::LUC) have not been established to 

reflect the pacemaker amplitude as defined in formal terms. 

     Using criteria as stated above, all except for one cultured SCN explants exhibited 

circadian oscillation. Peak times and amplitudes differed depending on both entrainment 

condition and dissection time (Fig. 2A). For explants with robust circadian rhythms 

(determined by criteria described in Materials and Methods and Fig. S1), the 

relationships between dissection time and time of first peak were plotted as a modified 

phase response curve (PRC), in which phase delay and advance of the peak are 

indicated by positive and negative directions on the Y-axis, respectively (Fig. 2B).  

The SCN explants of LD mice showed, relative to ZT 1, a maximum 2.7 h delay at 

ZT 9, and a maximum 3.8 h phase advance at ZT 17. The amplitude at ZT 13 was 

significantly lower than at ZT 1, and the peaks appeared very wide (Fig. 2, S1). 

Although there were dissection time-dependent phase advances and delays, the 

resetting pattern was "Type 1", a small amplitude PRC characteristic of a large 

amplitude oscillators (Barrett & Takahashi, 1997; Winfree, 2001) [i.e., peak phases of 

explants that were wholly unaffected by dissection stimuli would align along a horizontal 

line] (Fig. 1C-D). In contrast, the SCN explants of LDLD mice approached "Type 0" 

resetting (Fig. 2), a high magnitude PRC characteristic of a small amplitude oscillators 

[i.e., phases of explants that were completely reset by dissection stimuli would align 

along the 45° diagonal (Barrett & Takahashi, 1997; Winfree, 2001)] (Fig. 1E-F).  

Lung explants of LD and LDLD mice also showed resetting patterns close to Types 1 

and 0, respectively (Fig. 2B). Liver explants of LD mice showed low PER2::LUC 

rhythmicity during the first 3 days especially when dissected ~ZT 1 (Fig. 2A), and 70% 
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of explants were thus necessarily excluded from phase analysis (Fig. S1). When liver 

explants dissected ~ZT 1 had clear rhythms, the phases were broadly distributed (Fig. 

2B). Although phases varied widely at ZT 1 and 5, the overall resetting pattern of liver 

explants of LD mice was closer to Type 1 than Type 0. By contrast, the liver explants of 

LDLD mice exhibited a complex resetting pattern that does not resemble either Type 0 

or Type 1 (Fig. 2B), with relatively consolidated peak times at ZT 9 and 17, but widely 

varied phases at the other dissection time points. Adrenal gland explants showed a 

Type 0 resetting pattern for both LD and LDLD mice (Fig. 2B). Dissection time-

dependent changes in PER2::LUC amplitude were observed in liver and adrenal gland 

explants from LD mice, but this effect was not statistically significant in explants from 

LDLD mice (Fig. S1). 

Reduced amplitude of clock gene rhythms in bifurcated mice  

To assess the amplitude of molecular rhythms of peripheral tissues of LD and LDLD 

mice in vivo, we analyzed mRNA expression patterns of canonical clock genes (Bmal1, 

Clock, Cry1, Cry2, Per1, and Per2) in the lung, liver, and kidney by qPCR.  

     In the majority of tissues, the number of clock genes with significant rhythms (p < 

0.01, JTK) was reduced in LDLD mice compared to LD mice (Fig. 3). In LD mice, all 

tested clock genes exhibited significant 24 h rhythmicity in all three tissues (p < 0.01, 

JTK) except for Clock in the lung and liver (Table S1). In contrast, significant 24 h 

rhythmicity in LDLD mice was detected only in Bmal1 and Cry1 of the liver and Clock of 

kidney and lung (Table S1). Statistically significant 12 h rhythms were not detected in 

any tissues of LD mice. In LDLD mice, however, statistically significant 12 h rhythms 
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were found for Clock and Cry1 in the lung, Per1 and Per2 in the liver, and Per1 in the 

kidney (Table S1). 

     For comparison with qPCR data from peripheral tissues, we analyzed initial 

PER2::LUC intensity of SCN explants collected at various times across the day. 

Although these data may include an acute response to the dissection stimulus, they 

more closely reflect the in vivo SCN oscillation than any other measures collected. The 

time from the sacrifice of the animal to collection of the first data point in culture by a 

luminometer averaged 3.9 ± 0.2 h (average ± SEM; n = 31). Daily rhythms in initial 

PER2 intensity were statistically significant both in LD and LDLD SCN explants (p = 

0.0003 in LD, p = 0.0097 in LDLD, JTK). However, peak of PER2 expression in SCN 

explants from LDLD mice was nearly antiphasic to that in SCN explants from LD mice 

(ZT 5 - 9 in LD mice vs. ZT 21 in LDLD mice). Amplitude of this PER2::LUC rhythm was 

40% lower in LDLD mice than in LD mice (Fig. 4).  

 

Distinct spatiotemporal PER2 pattern in cultured SCN of bifurcated mice 

To study how bifurcation affects spatiotemporal patterns of clock gene expression in the 

SCN in vitro, PER2::LUC expression was imaged in cultured SCN explants of LD and 

LDLD mice dissected at ZT 5. In LD mice, the phase of PER2 was leading in 

dorsomedial (DM) and ventromedial SCN and lagging in centrolateral (CL) SCN, 

consistent with previous reports (Evans et al., 2011b; 2013) (Fig. 5C). However, in 

LDLD mice, this characteristic phase distribution within the SCN was abolished (Fig. 

5D). In LD mice, PER2 peaked on average 1.9 ± 0.2 h (mean ± SEM, n = 7 slices from 
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7 mice, p = 0.022, Wilcoxon’s test) earlier in DM SCN than in CL, and only 0.8 ± 0.6 h 

(mean ± SEM, n = 6 slices from 6 mice, p = 0.173 Wilcoxon’s test) earlier in LDLD mice.  

Rapid adjustment of behavioral activity to new LD cycle after bifurcation  

We tested if bifurcation reduces behavioral jet-lag in mice, as previously reported in 

hamsters (Harrison & Gorman, 2015). Mice were entrained to a bifurcated (LDLD 

7:5:7:5) or control condition (LD 14:10) for at least 2 weeks. Then, mice were subjected 

to simulated time-zone travel by shifting the LD cycle -6, 0, or +6 h from the original LD 

cycle. After the abrupt phase shift, activity onsets of the LD group showed large 

deviations from the new light-dark cycle (Fig. 6A-C), while the LDLD group, transferred 

to the same LD cycles, showed very little deviation (Fig. 6D-F). Average deviations of 

activity onset from beginning of lights off on the first day of the new light/dark cycle were 

-5.2 ± 0.35 h (mean ± SEM, n = 5) in LD mice and only 0.1 ± 0.3 h in LDLD mice (mean 

± SEM, n = 3) for the +6 h shifted group. For the -6 h shifted group, the deviations were 

+1.9 ± 0.3 h (mean ± SEM, n = 6) in LD mice and only -0.1 ± 0.2 h (mean ± SEM, n = 5) 

in LDLD mice (Fig. 6G). Differences between LD and LDLD mice were statistically 

significant (p = 0.037, and = 0.008 in +6 h and -6 h shifted group, respectively, 

Wilcoxon’s test). By the second day of the new light/dark cycle, these deviations had 

diminished (Fig. 6H). Differences between LD and LDLD mice were statistically 

significant only in the -6 h shifted group (p = 0.22, and = 0.008 in +6, and -6 h shifted 

group, respectively, Wilcoxon’s test). 
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DISCUSSION  

     Previously, our group reported that hamsters as well as mice are able to flexibly 

reset to new light-dark schedules of any magnitude or to extraordinary T cycles such as 

LD 10:5 and LD 13:5 after behavioral bifurcation (Harrison & Gorman, 2015; Harrison et 

al., 2016; Walbeek & Gorman, 2017) (Fig. 6). Other work has found that the ventral and 

dorsal oscillatory units in the SCN circuit can dissociate and oscillate in antiphase in 

LDLD (Yan et al., 2005; Watanabe et al., 2007; Yan et al., 2010), and that this 

reorganization of the SCN waveform may increase behavioral flexibility in rodents. We 

suggest a similar mechanism for the enhanced flexibility observed in cultured explants 

from LDLD mice. 

     During dissection procedures of approximately 4 h, animals and tissues are exposed 

to various stimuli, including animal handling, anesthesia, mechanical stress of tissue 

dissection, the cold temperature of saline, exposure to explant medium, and the warm 

temperature of an incubator. Whereas it may be ideal to minimize phase resetting by 

dissection in many experimental designs (Davidson et al., 2009), it is known that 

perturbations associated with dissection can shift the phases of tissues in a time-

dependent manner (Yoshikawa et al., 2005). In this study, we intended to use the 

dissection procedure as a tool to reveal changes of oscillatory properties of tissues 

related to prior entrainment status. 

     In this study, not only the SCN but also peripheral tissues obtained from LDLD mice 

reset more strongly in response to dissection stimuli than those of LD mice. This result 

suggests that both SCN and peripheral oscillators of LDLD mice are functionally 

dampened, as simple single oscillator based limit cycle models predict that smaller 
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amplitude oscillators shift more than larger amplitude oscillators in response to stimuli of 

a given size (Barrett & Takahashi, 1997; Winfree, 2001).We note that amplitude 

reductions apparent in qPCR data are not reflected in PER2::LUC readouts in 

peripheral tissues, perhaps as a consequence of oscillator resetting by the dissection 

stimulus. Recent studies have revealed that intercellular desynchrony of the SCN, or 

“phase tumbling,” as a potential mechanism for alleviating behavioral jet-lag. 

Specifically, disruption of SCN synchrony by injection of VIP (An et al., 2013), deletion 

of vasopressin v1a, v1b receptors (Yamaguchi et al., 2013), or AVP neuron-specific 

Bmal1-knockout (Mieda et al., 2015), all can enhance entrainment of mice to a new 

light-dark schedule. Also, enhanced phase shifts of the SCN in response to heat pulses 

were elicited by surgical separation of ventral and dorsal SCN or inhibition of neuronal 

interaction by tetrodotoxin, a voltage-gated sodium channel blocker (Buhr et al., 2010). 

These results suggest that desynchrony among SCN neurons, which may be 

understood to reduce the amplitude of the composite oscillator, leads to flexible 

resetting, consistent with our results. However, this amplitude and phase shift 

relationship should be cautiously interpreted as seemingly opposite results are 

observed in some experimental contexts. For example, desynchrony among SCN 

neurons or dampening of amplitude appear to cause smaller phase shifts in long day 

than short day conditions (vanderLeest et al., 2009), or in older than younger mice 

(Sellix et al., 2012). Further studies are necessary to determine exact differences in 

mechanisms of flexible phase shift in heterogeneous oscillator systems. Another 

hypothesis to explain larger behavioral resetting after LDLD is that light input pathways 

are strengthened by LDLD (i.e. the light is effectively brighter after LDLD), however, this 
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hypothesis can be ruled out because larger phase shifts are also induced by dissection 

stimuli in peripheral tissues. 

Furthermore, SCN explants prepared from LD mice showed not only time-dependent 

phase delays and advances, but also changes in amplitude of clock gene readouts (Fig. 

2). At ZT 13, between times when phase delays and advances are induced, the 

PER2::LUC amplitudes of SCN explants were markedly suppressed (Fig. 2A) and the 

range of phases, to the extent they could be determined, appeared wide (Fig. 2B). This 

phenomenon suggests the possibility of a singularity point, a phase-less point, to which 

critical stimuli of specific timing and strength could drive oscillators (Winfree, 2001; 

Pulivarthy et al., 2007). Surprisingly, lung explants prepared from LD mice showed even 

smaller magnitude phase shifts than SCN explants, suggesting that the lung oscillator is 

more resilient to perturbation by dissection stimuli than the SCN. The majority of liver 

explants dissected at ZT 1 - 5 did not show clear rhythmicity during the first few days, 

which may be another manifestation of a singularity point. The adrenal gland explants 

prepared from LD mice showed a Type 0 resetting pattern, suggesting that the adrenal 

gland oscillator is especially sensitive to dissection stimuli. These results suggest that 

phases of cultured explants do not always reflect phases in vivo and should be carefully 

interpreted, especially when the oscillator is impaired by such manipulations as an SCN 

lesion (Yoo et al., 2004) or clock gene deletions. 

     By performing qPCR in peripheral tissues, we demonstrated that the amplitude of 

canonical clock genes in LDLD mice was smaller than in LD mice in vivo or not rhythmic 

(Fig. 3, Table S1), consistent with a previous study using qPCR in the liver (Watanabe 

et al., 2007). Similarly, the amplitude of rhythms of acute PER2::LUC in SCN slices was 
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lower and the phase was altered under LDLD compared to LD (Fig. 4). Further, acute 

PER2::LUC in LD peaked between ZT 5 and ZT 9 (Fig. 4), yet the first peak in culture 

appeared ~ZT 14 (Fig. 2). Because other work found that PER2::LUC peaked at ZT 15 

in freely moving mice , the acute PER2::LUC expression observed here may reflect a 

rhythmic response of PER2 as an immediate early gene to the dissection stimuli 

(Colwell, 2011), rather than the basal circadian expression of PER2 as a core clock 

gene. However, the ~8 h phase advance and ~40% reduction in amplitude observed in 

both liver Bmal1 (Fig. 3) and SCN PER2::LUC (Fig. 4), suggest that both phase and 

amplitude of oscillators are altered by LDLD rhythm bifurcation. 

     The spatiotemporal PER2 expression pattern in cultured SCN was also altered in 

LDLD mice (Fig. 5). It is not clear whether the phase organization in cultured SCN 

reflects in vivo status, or a condition triggered by dissection stimuli. It is possible that the 

spatiotemporal pattern of the LDLD SCN is uniform because all regions restarted in a 

new phase after the dissection. In either case, this result indicates that SCN subregional 

activity or sensitivity is altered under LDLD. Previously, Watanabe et al. showed that 

SCN explants from mice on an LDLD schedule can exhibit a bimodal Per1:luc rhythm 

(two peaks per 24 h), but we observed a unimodal PER2::LUC rhythm (Watanabe et al., 

2007). As Per1 may oscillate independently of Bmal1 (Ono et al., 2017), marked 

waveform changes after entrainment to LDLD conditions may be more evident in Per1 

than in PER2. Although we expected antiphasic ventral and dorsal SCN oscillations in 

living animals under LDLD as observed in previous in situ hybridization studies 

(Watanabe et al., 2007; Yan et al., 2010), we did not observe such a pattern in cultured 

SCN, perhaps due to the resetting stimulus of dissection itself. Other interesting 
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demonstrations of SCN circuit dissociation include antiphasic oscillations of left-right 

SCN in behaviorally splitting hamsters in LL (de la Iglesia et al., 2000; Yan et al., 2005), 

bimodal Per1:luc oscillations in cultured anterior SCN from long day conditions (Inagaki 

et al., 2007), and temporal ventral and dorsal SCN phase dissociation in cultured 

PER2::LUC SCN from long day conditions (Evans et al., 2013). These cases, including 

our LDLD bifurcation model, are distinct from one another in terms of light conditions, 

species, reporters, and/or anatomical location where dissociation occurs within the 

SCN. Further investigation of how the environmental light affect SCN circuits and animal 

behavior will provide insights into treatments for circadian rhythm sleep disorders, 

including shift-work disorders and seasonal depression. 

     Taken together, our study indicates that bifurcated mice are capable of adjusting 

behavioral rhythms to new light-dark cycles nearly instantly, and that SCN and 

peripheral explants are flexibly reset by dissection stimuli due to dampened amplitude in 

SCN and peripheral tissues. Thus, we demonstrate that disruption of SCN synchrony 

and resultant alleviation of behavioral jet-lag, previously produced by drug 

administration or genetic mutations, can be also be achieved non-invasively via ambient 

light manipulations.  

     In summary, we have demonstrated that timed dissection is an informative assay to 

assess the strength and stability of the rhythmicity of SCN explants and peripheral 

tissues. Further, we identified dampened oscillations in the SCN and peripheral tissue 

as a possible mechanism underlying the flexible circadian phase resetting of behavior 

and cultured explants observed under LDLD conditions. Further investigation into novel 

lighting conditions that enhance the flexibility of circadian rhythms would provide 
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insights into new non-invasive light therapies to reduce jet-lag and improve quality of life 

for shift-workers (Harrison & Gorman, 2012). 
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Figure legends 

Figure 1 

(A-B) Representative WT mouse activity entrained under LD (light:dark) or LDLD 

(light:dark:light:dark) cycles. Graphs are double plotted. X-axis indicates ZT (Zeitgeber 

Time), where light-on is set as 0. Y-axis indicates days after start of recording. (C-F) 

Schematic diagrams of relationship among strength of oscillators, dissection time, and 

phase shifts. (C) If the circadian amplitude of a tissue is large in a living animal, and 

dissection stimulus does not affect phase of the tissue, the cultured tissues will show 

similar peak times (e.g. ZT14) regardless of the time of dissection (e.g. ZT6, 12, or 18). 

Putative PER2 level in a living animal was shown in a dotted grey line; PER2 level in a 

cultured tissue was shown in a solid black line. Black arrow indicates dissection time, 

open arrow indicates peak time. Projected ZT indicates cumulative hours from the last 

lights-on of an animal. (D) If the relationship between dissection time and the time of the 

first peak is plotted (filled diamond) as a modified phase response curve (PRC) in which 

phase delay and advance of the peak are indicated by positive and negative directions 

on the Y-axis, respectively, data points would align along a horizontal line. This resetting 

pattern is "Type 1", a small magnitude PRC characteristic of a large amplitude 

oscillators. The graph in the shaded area was quadruplicated to visualize the 

transmission. (E) In contrast, if the circadian amplitude of a tissue is small in a living 

animal, and a dissection stimulus completely reset the rhythm of the cultured tissue, 

peak time of the cultured tissues will appear after a consistent interval (e.g. 14 h) 

following the dissection. The PRC would then align along the 45° diagonal (F). This 
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resetting pattern is called "Type 0" resetting, a large magnitude PRC characteristic of a 

small amplitude oscillators (Barrett & Takahashi, 1997; Winfree, 2001).  

 

Figure 2 

Flexible resetting of cultured SCN (suprachiasmatic nucleus) and peripheral explants of 

bifurcated mice by dissection. (A) Average PER2::LUC traces of the SCN, lung, liver, 

and adrenal gland explants prepared from mice entrained to LD or LDLD, dissected at 

various time points across the day. One or two explants were obtained from an animal 

and each time-point includes data from more than 4 animals. One representative trace 

of each tissue and the group average for each dissection time group (ZT 1, 5, 9, 13, 17, 

21 ± 2) including non-rhythmic explants are shown by a thin black line and a gray bold 

line, respectively. X-axis indicates projected ZT (h) from the last lights off (ZT 12) of 

dissection day. For clarity, the Y-axis was shifted for each dissection time group. The 

size of Y-axis shift is indicated by the arrow (0.25 times the average PER2::LUC 

intensity of the explant over 5 d). (B) Relationship between peak time and dissection 

time. Each gray diamond indicates a dissection time (ZT) and peak time of a single 

explant. Black circles indicate average peak times for each dissection time group. Data 

are quadruple plotted to aid visualization of the resetting pattern. Dissection time-

dependent rhythmicity and amplitude of cultured explants are shown in Fig. 1-1. 

Figure 3  

Reduced rhythmicity of clock gene mRNA expression in peripheral tissues of bifurcated 

mice. Daily rhythm in mRNA levels (mean of 4-5 animals/time point ± SEM) of canonical 
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clock genes (Bmal1, Clock, Cry1, Cry2, Per1, Per2) relative to Actinβ in the lung, liver, 

and kidney, prepared from LD (black line) and LDLD (gray line) mice. Rhythmicity of 

each gene tested by JTK is shown in Table S1. 

Figure 4 

PER2::LUC rhythms in acute SCN slices. Each black diamond shows initial PER2::LUC 

intensity of cultured SCN obtained from LD (light:dark) (A) and LDLD 

(light:dark:light:dark) (B) mice. Y-axis indicates raw counts obtained by luminometer. 

Gray line indicates the average PER2::LUC intensity for each 4 h dissection time bin. 

Note that amplitude is lower and phase is altered in LDLD compared to LD. 

Figure 5 

Spatiotemporal PER2::LUC expression patterns in cultured SCN (suprachiasmatic 

nucleus). (A-B) Representative raw bioluminescence images of the SCN from LD 

(light:dark) (A) or LDLD (light:dark:light:dark) (B) mice at 1.6 day after ZT (Zeitgeber 

Time) 0 of the dissection day. ROIs (region of interests) in DM (dorsomedial) and CL 

(centrolateral) SCN (100 µm diameter) were plotted as circles on one side of the SCN. 

(C-D) Phases of areas across the SCN relative to the phase of the whole SCN. Peak 

time difference of the 2nd cycle in culture was used. Phase leading and lagging was 

coded as blue and yellow, respectively. (E-F) Representative PER2::LUC traces of DM 

and CL ROIs (blue and yellow lines, respectively). Raw data were detrended by a 24 h-

running average. X-axis is time from ZT 0 of the dissection day. (G-H) Average peak 

time difference between DM and CL ROIs. Each filled circle indicates the average of 

two bilateral ROIs of one slice from one animal. Open circle indicates the average of all 
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slices. Note that the phase difference observed between DM and CL ROIs in the SCN 

of LD mice is abolished in the SCN from LDLD mice. 

Figure 6 

Flexible entrainment of bifurcated mice to the new LD (light:dark) cycle. (A-F) 

Representative actograms of mice entrained to LD (A-C) or LDLD (light:dark:light:dark) 

(D-F) and transferred to a +6, 0, or -6 h shifted LD cycle (A and D, B and E, C and F, 

respectively). Shading indicates the scotophase. X-axis indicates ZT of original time-

zone. Y-axis indicates days. Graph was double plotted. The first day of a new LD cycle 

(Day1) is indicated by an open arrow. (G-H) Average deviation of activity onset from 

lights off in the first (G) and second day (H). Each value of LD and LDLD mice are 

shown in white and grey circles, respectively. Average values are shown in diamonds. 

Phases lagging or leading are expressed as negative or positive values, respectively. 

Error bar indicates SEM. The number of animals is shown beside the error for each 

group. *p < 0.05, **p < 0.01, NS, not significant, Wilcoxon’s test. 

 

References 

An, S., Harang, R., Meeker, K., Granados-Fuentes, D., Tsai, C.A., Mazuski, C., Kim, J., Doyle, 

F.J., 3rd, Petzold, L.R. & Herzog, E.D. (2013) A neuropeptide speeds circadian 

entrainment by reducing intercellular synchrony. Proc Natl Acad Sci U S A, 110, E4355-

4361. 

 

Barrett, R.K. & Takahashi, J.S. (1997) Lability of circadian pacemaker amplitude in chick pineal 

cells: a temperature-dependent process. J. Biol. Rhythms, 12, 309-318. 



 

 29 

 

Beesley, S., Noguchi, T. & Welsh, D.K. (2016) Cardiomyocyte Circadian Oscillations Are Cell-

Autonomous, Amplified by beta-Adrenergic Signaling, and Synchronized in Cardiac 

Ventricle Tissue. PLoS One, 11, e0159618. 

 

Buhr, E.D., Yoo, S.H. & Takahashi, J.S. (2010) Temperature as a universal resetting cue for 

mammalian circadian oscillators. Science, 330, 379-385. 

 

Burke, T.M., Markwald, R.R., Chinoy, E.D., Snider, J.A., Bessman, S.C., Jung, C.M. & Wright, 

K.P., Jr. (2013) Combination of light and melatonin time cues for phase advancing the 

human circadian clock. Sleep, 36, 1617-1624. 

 

Colwell, C.S. (2011) Linking neural activity and molecular oscillations in the SCN. Nat. Rev. 

Neurosci., 12, 553-569. 

 

Davidson, A.J., Castanon-Cervantes, O., Leise, T.L., Molyneux, P.C. & Harrington, M.E. (2009) 

Visualizing jet lag in the mouse suprachiasmatic nucleus and peripheral circadian timing 

system. Eur. J. Neurosci., 29, 171-180. 

 

de la Iglesia, H.O., Meyer, J., Carpino, A., Jr. & Schwartz, W.J. (2000) Antiphase oscillation of 

the left and right suprachiasmatic nuclei. Science, 290, 799-801. 

 

Evans, J.A. & Davidson, A.J. (2013) Health consequences of circadian disruption in humans 

and animal models. Prog Mol Biol Transl Sci, 119, 283-323. 

 



 

 30 

Evans, J.A., Elliott, J.A. & Gorman, M.R. (2009) Dim nighttime illumination accelerates 

adjustment to timezone travel in an animal model. Curr. Biol., 19, R156-157. 

 

Evans, J.A., Elliott, J.A. & Gorman, M.R. (2011a) Dim nighttime illumination interacts with 

parametric effects of bright light to increase the stability of circadian rhythm bifurcation in 

hamsters. Chronobiol. Int., 28, 488-496. 

 

Evans, J.A., Leise, T.L., Castanon-Cervantes, O. & Davidson, A.J. (2011b) Intrinsic regulation of 

spatiotemporal organization within the suprachiasmatic nucleus. PLoS One, 6, e15869. 

 

Evans, J.A., Leise, T.L., Castanon-Cervantes, O. & Davidson, A.J. (2013) Dynamic interactions 

mediated by nonredundant signaling mechanisms couple circadian clock neurons. 

Neuron, 80, 973-983. 

 

Evans, J.A., Pan, H., Liu, A.C. & Welsh, D.K. (2012) Cry1-/- circadian rhythmicity depends on 

SCN intercellular coupling. J. Biol. Rhythms, 27, 443-452. 

 

Gorman, M.R. & Elliott, J.A. (2003) Entrainment of 2 subjective nights by daily 

light:dark:light:dark cycles in 3 rodent species. J. Biol. Rhythms, 18, 502-512. 

 

Grone, B.P., Chang, D., Bourgin, P., Cao, V., Fernald, R.D., Heller, H.C. & Ruby, N.F. (2011) 

Acute light exposure suppresses circadian rhythms in clock gene expression. J. Biol. 

Rhythms, 26, 78-81. 

 

Harrison, E.M. & Gorman, M.R. (2012) Changing the waveform of circadian rhythms: 

considerations for shift-work. Front Neurol, 3, 72. 



 

 31 

 

Harrison, E.M. & Gorman, M.R. (2015) Rapid Adjustment of Circadian Clocks to Simulated 

Travel to Time Zones across the Globe. J. Biol. Rhythms, 30, 557-562. 

 

Harrison, E.M., Walbeek, T.J., Sun, J., Johnson, J., Poonawala, Q. & Gorman, M.R. (2016) 

Extraordinary behavioral entrainment following circadian rhythm bifurcation in mice. Sci 

Rep, 6, 38479. 

 

Hughes, M.E., Hogenesch, J.B. & Kornacker, K. (2010) JTK_CYCLE: an efficient nonparametric 

algorithm for detecting rhythmic components in genome-scale data sets. J. Biol. 

Rhythms, 25, 372-380. 

 

Inagaki, N., Honma, S., Ono, D., Tanahashi, Y. & Honma, K. (2007) Separate oscillating cell 

groups in mouse suprachiasmatic nucleus couple photoperiodically to the onset and end 

of daily activity. Proc Natl Acad Sci U S A, 104, 7664-7669. 

 

Johnson, C.H., Elliott, J.A., Foster, R.G., Honma, K. & Kronauer, R.E. (2003) Fundamental 

properties of circadian rhythms. In Dunlap, J.C., Loros, J.J., DeCoursey, P.J. (eds) 

Chronobiology: Biological Timekeeping. Sinauer Associates, Sunderland, pp. 66-105. 

 

Jones, J.R., Tackenberg, M.C. & McMahon, D.G. (2015) Manipulating circadian clock neuron 

firing rate resets molecular circadian rhythms and behavior. Nat. Neurosci., 18, 373-375. 

 

Ko, C.H., Yamada, Y.R., Welsh, D.K., Buhr, E.D., Liu, A.C., Zhang, E.E., Ralph, M.R., Kay, 

S.A., Forger, D.B. & Takahashi, J.S. (2010) Emergence of noise-induced oscillations in 

the central circadian pacemaker. PLoS Biol., 8, e1000513. 



 

 32 

 

Liu, A.C., Welsh, D.K., Ko, C.H., Tran, H.G., Zhang, E.E., Priest, A.A., Buhr, E.D., Singer, O., 

Meeker, K., Verma, I.M., Doyle, F.J., 3rd, Takahashi, J.S. & Kay, S.A. (2007) 

Intercellular coupling confers robustness against mutations in the SCN circadian clock 

network. Cell, 129, 605-616. 

 

Madisen, L., Garner, A.R., Shimaoka, D., Chuong, A.S., Klapoetke, N.C., Li, L., van der Bourg, 

A., Niino, Y., Egolf, L., Monetti, C., Gu, H., Mills, M., Cheng, A., Tasic, B., Nguyen, T.N., 

Sunkin, S.M., Benucci, A., Nagy, A., Miyawaki, A., Helmchen, F., Empson, R.M., 

Knopfel, T., Boyden, E.S., Reid, R.C., Carandini, M. & Zeng, H. (2015) Transgenic mice 

for intersectional targeting of neural sensors and effectors with high specificity and 

performance. Neuron, 85, 942-958. 

 

Mieda, M., Ono, D., Hasegawa, E., Okamoto, H., Honma, K., Honma, S. & Sakurai, T. (2015) 

Cellular clocks in AVP neurons of the SCN are critical for interneuronal coupling 

regulating circadian behavior rhythm. Neuron, 85, 1103-1116. 

 

Mohawk, J.A., Green, C.B. & Takahashi, J.S. (2012) Central and peripheral circadian clocks in 

mammals. Annu. Rev. Neurosci., 35, 445-462. 

 

Mohawk, J.A. & Takahashi, J.S. (2011) Cell autonomy and synchrony of suprachiasmatic 

nucleus circadian oscillators. Trends Neurosci., 34, 349-358. 

 

Noguchi, T., Ikeda, M., Ohmiya, Y. & Nakajima, Y. (2012) A dual-color luciferase assay system 

reveals circadian resetting of cultured fibroblasts by co-cultured adrenal glands. PLoS 

One, 7, e37093. 



 

 33 

 

O'Neill, J.S. & Feeney, K.A. (2014) Circadian redox and metabolic oscillations in mammalian 

systems. Antioxid. Redox Signal., 20, 2966-2981. 

 

Ono, D., Honma, S., Nakajima, Y., Kuroda, S., Enoki, R. & Honma, K.I. (2017) Dissociation of 

Per1 and Bmal1 circadian rhythms in the suprachiasmatic nucleus in parallel with 

behavioral outputs. Proc Natl Acad Sci U S A, 114, E3699-E3708. 

 

Portaluppi, F., Tiseo, R., Smolensky, M.H., Hermida, R.C., Ayala, D.E. & Fabbian, F. (2012) 

Circadian rhythms and cardiovascular health. Sleep Med Rev, 16, 151-166. 

 

Pulivarthy, S.R., Tanaka, N., Welsh, D.K., De Haro, L., Verma, I.M. & Panda, S. (2007) 

Reciprocity between phase shifts and amplitude changes in the mammalian circadian 

clock. Proc Natl Acad Sci U S A, 104, 20356-20361. 

 

Sellix, M.T., Evans, J.A., Leise, T.L., Castanon-Cervantes, O., Hill, D.D., DeLisser, P., Block, 

G.D., Menaker, M. & Davidson, A.J. (2012) Aging differentially affects the re-entrainment 

response of central and peripheral circadian oscillators. J. Neurosci., 32, 16193-16202. 

 

vanderLeest, H.T., Rohling, J.H., Michel, S. & Meijer, J.H. (2009) Phase shifting capacity of the 

circadian pacemaker determined by the SCN neuronal network organization. PLoS One, 

4, e4976. 

 

Walbeek, T.J. & Gorman, M.R. (2017) Simple Lighting Manipulations Facilitate Behavioral 

Entrainment of Mice to 18-h Days. J. Biol. Rhythms, 748730417718347. 

 



 

 34 

Watanabe, T., Naito, E., Nakao, N., Tei, H., Yoshimura, T. & Ebihara, S. (2007) Bimodal clock 

gene expression in mouse suprachiasmatic nucleus and peripheral tissues under a 7-

hour light and 5-hour dark schedule. J. Biol. Rhythms, 22, 58-68. 

 

Welsh, D.K., Yoo, S.H., Liu, A.C., Takahashi, J.S. & Kay, S.A. (2004) Bioluminescence imaging 

of individual fibroblasts reveals persistent, independently phased circadian rhythms of 

clock gene expression. Curr. Biol., 14, 2289-2295. 

 

Winfree, A.T. (2001) The geometry of biological time. Springer, New York. 

 

Yamaguchi, Y., Suzuki, T., Mizoro, Y., Kori, H., Okada, K., Chen, Y., Fustin, J.M., Yamazaki, F., 

Mizuguchi, N., Zhang, J., Dong, X., Tsujimoto, G., Okuno, Y., Doi, M. & Okamura, H. 

(2013) Mice genetically deficient in vasopressin V1a and V1b receptors are resistant to 

jet lag. Science, 342, 85-90. 

 

Yan, L., Foley, N.C., Bobula, J.M., Kriegsfeld, L.J. & Silver, R. (2005) Two antiphase oscillations 

occur in each suprachiasmatic nucleus of behaviorally split hamsters. J. Neurosci., 25, 

9017-9026. 

 

Yan, L., Silver, R. & Gorman, M. (2010) Reorganization of suprachiasmatic nucleus networks 

under 24-h LDLD conditions. J. Biol. Rhythms, 25, 19-27. 

 

Yoo, S.H., Kojima, S., Shimomura, K., Koike, N., Buhr, E.D., Furukawa, T., Ko, C.H., Gloston, 

G., Ayoub, C., Nohara, K., Reyes, B.A., Tsuchiya, Y., Yoo, O.J., Yagita, K., Lee, C., 

Chen, Z., Yamazaki, S., Green, C.B. & Takahashi, J.S. (2017) Period2 3'-UTR and 



 

 35 

microRNA-24 regulate circadian rhythms by repressing PERIOD2 protein accumulation. 

Proc Natl Acad Sci U S A, 114, E8855-E8864. 

 

Yoo, S.H., Yamazaki, S., Lowrey, P.L., Shimomura, K., Ko, C.H., Buhr, E.D., Siepka, S.M., 

Hong, H.K., Oh, W.J., Yoo, O.J., Menaker, M. & Takahashi, J.S. (2004) 

PERIOD2::LUCIFERASE real-time reporting of circadian dynamics reveals persistent 

circadian oscillations in mouse peripheral tissues. Proc Natl Acad Sci U S A, 101, 5339-

5346. 

 

Yoshikawa, T., Yamazaki, S. & Menaker, M. (2005) Effects of preparation time on phase of 

cultured tissues reveal complexity of circadian organization. J. Biol. Rhythms, 20, 500-

512. 

 

 















Circadian rhythm bifurcation induces flexible phase resetting by reducing circadian 

amplitude 

Takako Noguchi, Elizabeth M. Harrison, Jonathan Sun, Deborah May, Alan Ng, 

David K. Welsh, and Michael R. Gorman 

SUPPORTING INFORMATION 

Supplementary Figure S1 

Dissection time- and light condition-dependent rhythmicity and amplitude of cultured 

explants. (A) Dissection time-dependent rhythmicity change. Rhythmicity (FFT 

maximum amplitude) of PER2 expression of all successfully cultured explants were 

plotted. Each grey dot represents rhythmicity of an explant. A dotted line indicates an 

arbitrary threshold used to categorize whether explants were rhythmic or not. 

Statistically significant dissection time-dependent changes in rhythmicity were observed 

in the liver and lung explants. (B) Dissection time-dependent amplitude change. Among 

rhythmic explants, amplitude of explants varied significantly with dissection time. Each 

grey dot represents amplitude of an explant. (C) Light condition-dependent amplitude 

change. Overall reduction of amplitude regardless of time was observed in the SCN and 

lung obtained from LDLD mice. Each grey dot represents amplitude of an explant. (A-C) 

Open circles are mean. Error bars are SEM. Number (#) of explants represent numbers 

of all successfully cultured explants (A) or numbers of rhythmic explants (B-C). 

Numbers (#) of animals in parenthesis represent numbers of animals from which 

explants derived. ** p < 0.01, * p < 0.05, Two-way ANOVA followed by Wilcoxon test 

(comparison vs ZT 1 (A-B), or vs LD (C)). 



Supplementary Table S1 

Rhythmicity of clock genes at periods 24 h and 12 h was assessed by p values of JTK 

analysis. ** p < 0.01, * p < 0.05. 

 





Rhythmicity of clock genes

Tissue Gene

Lung Bmal1 6.9E-12 ** 1.3E-01 9.5E-01 1.0E+00

Clock 1.1E-01 1.4E-03 ** 6.5E-02 3.9E-02 *

Cry1 7.6E-10 ** 1.0E+00 5.0E-01 3.7E-03 **

Cry2 1.9E-03 ** 2.1E-01 8.3E-01 1.0E-01

Per1 8.4E-06 ** 5.5E-02 9.5E-01 3.5E-01

Per2 6.1E-05 ** 2.7E-01 1.0E+00 1.5E-01

Liver Bmal1 5.4E-10 ** 4.1E-03 ** 7.5E-01 1.0E+00

Clock 3.0E-04 ** 1.6E-01 6.7E-02 1.0E+00

Cry1 3.9E-13 ** 1.6E-03 ** 1.0E+00 2.5E-01

Cry2 3.5E-04 ** 1.0E+00 8.5E-01 3.7E-01

Per1 2.8E-08 ** 1.0E+00 1.0E+00 1.7E-02 *

Per2 3.2E-07 ** 1.0E+00 9.0E-01 1.7E-02 *

Kidney Bmal1 3.6E-12 ** 7.6E-02 1.0E+00 1.0E+00

Clock 1.0E+00 4.8E-03 ** 1.0E+00 4.0E-01

Cry1 6.0E-12 ** 1.0E+00 1.0E+00 1.4E-01

Cry2 5.5E-07 ** 7.6E-02 4.3E-01 1.6E-01

Per1 1.8E-07 ** 4.2E-01 1.0E+00 2.2E-02 *

Per2 2.1E-12 ** 1.7E-01 1.0E+00 2.1E-01

Table S1. Rhythmicity of clock genes. Rhythmicity of clock genes were 

assessed by p values of JTK analysis. Rhythmicity at 24 h or 12 h under LD 

or LDLD condition were summarized in the table. ** p  < 0.01, * p  < 0.05

24 h rhythm 12 h rhythm

LD LDLD LD LDLD
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