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Abstract

Circadian clocks play key roles in how organisms respond to and even
anticipate seasonal change in day length, or photoperiod. In mammals,
photoperiod is encoded by the central circadian pacemaker in the brain, the
suprachiasmatic nucleus (SCN). The subpopulation of SCN neurons that
secrete the neuropeptide VIP mediates the transmission of light information
within the SCN neural network, suggesting a role for these neurons in
circadian plasticity in response to light information that has yet to be directly
tested. Here, we used in vivo optogenetic stimulation of VIPergic SCN neurons
followed by ex vivo PERIOD 2:LUCIFERASE (PER2::LUC) bioluminescent
imaging to test whether activation of this SCN neuron subpopulation can
induce SCN network changes that are hallmarks of photoperiodic encoding.
We found that optogenetic stimulation designed to mimic a long photoperiod
indeed altered subsequent SCN entrained phase, increased the phase dispersal
of PER2 rhythms within the SCN network, and shortened SCN free-running
period—similar to the effects of a true extension of photoperiod. Optogenetic
stimulation also induced analogous changes on related aspects of locomotor
behaviour in vivo. Thus, selective activation of VIPergic SCN neurons induces
photoperiodic network plasticity in the SCN that underpins photoperiodic
entrainment of behaviour.
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1 | INTRODUCTION

DMEM, Dulbecco’s modified Eagle medium; GABA, gamma-

aminobutyric acid; HBSS, Hank’s balanced salt solution; HEPES,

In mammals, circadian responses to seasonal changes in

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; ICCD, intensified
charge-coupled device; IQR, interquartile range; LD, light/dark; LED,
light emitting diode; LSP, Lomb-Scargle periodogram; PCR, polymerase
chain reaction; PER2, Period 2; PER2::LUC, Period 2::Luciferase; PID,
passive infrared detection; PVN, pariventricular nucleus; ROI, region of
interest; SCN, suprachiasmatic nucleus; SPZ, subparaventricular zone;
VIP, vasoactive intestinal polypeptide; ZT, Zeitgeber time.
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photoperiod are encoded by the master clock, the sup-
rachiasmatic nucleus (SCN) of the hypothalamus
(Tackenberg & McMahon, 2018). How the SCN network
initiates and maintains its response to changing photope-
riod is not fully understood, but several lines of evidence
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point to a role for the subpopulation of SCN neurons that
express vasoactive intestinal polypeptide (VIP). VIPergic
neurons relay photic information from the retina, even
when their individual cellular clocks are deficient (Shan
et al., 2020), and their activity is required for clock reset-
ting from light exposure (Jones et al., 2018). VIP itself is
necessary for the induction of locomotor behaviour dura-
tion after-effects (Lucassen et al., 2012). Considering that
long photoperiods extend the high-firing phase of the
daily electrical rhythm of the SCN (VanderLeest
et al.,, 2007), we hypothesized that direct activation of
VIP neurons may induce photoperiodic encoding. Here
we tested that hypothesis by optogenetically stimulating
VIPergic SCN neurons in vivo during the hours following
lights off to effectively extend the daily photoperiod dura-
tion in mice entrained to a short photoperiod. We then
measured effects on the SCN network in ex vivo assays.

(a)

We bred mice expressing both the PERIOD 2::LUCIF-
ERASE (PER2:LUC) reporter and VIP-driven cha-
nnelrhodopsin (VIP-ChR2), as well as non-ChR2 PER2::
LUC control mice (ChR2-Neg), then implanted each
mouse with a fibre optic targeting the SCN. We exposed
mice to 8 h of light, 8 h of fibre optic stimulation in the
dark, and 8 h of unstimulated dark each day for 7 days.
We then extracted and cultured 300-pm SCN slices and
measured PER2:LUC expression rhythms for 6 days
using an ICCD camera.

Using the peak times of the PER2:LUC rhythm for
each of several thousand ~10 x 10 pm regions-of-interest
(ROIs) from each SCN, we constructed a relative phase
map of the SCN clock network for each slice at each daily
rhythmic peak (Figures 1a and S1-2). These maps indi-
cated that phase variation increased in both groups over
time (an effect also seen in the overall frequency
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FIGURE 1 Optogenetic stimulation of VIPergic neurons influences SCN circadian phase distribution. (a) Representative heat maps

showing the relative phase of the PER2::LUC rhythm for each ROI, for each peak (see also Figure S2). (b) Frequency distribution of the ROI
peak time of each group (see also Figure S1). (c) the median absolute deviation of the peak time for each peak in each slice. Peak and group

p values indicated are the main effects of an ordinary two-way ANOVA
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distributions of peak timing for each group shown in
Figure 1b) and that medial regions of the SCN became
phase advanced relative to lateral regions. To quantify
the phase variation for each group over time, we calcu-
lated the median absolute deviation in ROI phase for
each slice in each cycle (Figure 1c). In contrast to previ-
ous studies using 16:8 LD (Buijink et al., 2016;
Tackenberg et al., 2020) or 20:4 LD (Evans et al., 2013),
the median absolute deviation of peak time for the first
cycle was not significantly different between groups
(p = 0.09). Based on all five cycles, however, the phase
distribution was significantly wider for VIP-ChR2 slices
than for control slices (p = 0.010, two-way ANOVA main
effect of group), with a significant increase over time for
both groups combined (p < 0.0001, two-way ANOVA
main effect of peak) and no significant interaction
(p = 0.306, two-way ANOVA interaction effect). The sig-
nificant main effect of group in the absence of a

significant interaction effect of group over time indicates
that changes in network stability affect both groups simi-
larly. The broadened SCN phase distribution in response
to VIPergic SCN neuron activation is therefore in line
with previously observed phase distribution following
exposure to a 16:8 long photoperiod compared with 8:16
short (Buijink et al., 2016; Tackenberg et al., 2020).

To determine if an unintentional offset of optogenetic
fibre placement resulted in bias in our measurement
through the induction of more asymmetric stimulation of
the SCN in one group compared with the other, we used
k-means clustering to sort the ROIs based on their XY
position, which successfully discriminated between each
half of the SCN (Figure S3A,B). We then measured the
left-right difference in median absolute deviation of each
SCN (Figure S3C), revealing no significant effect of group
on any left-right median absolute deviation difference
(p = 0.697, two-way ANOVA, main effect of group).
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FIGURE 2 Optogenetic stimulation of VIPergic neurons influences SCN free-running period and entrained phase. (a) Free-running

period of the PER2::LUC rhythm as measured by LSP on ~6 cycles of luminescence. The indicated p value is the result of a Kruskal-Wallis

test. (b) Circular plots showing the first peak time of each slice in ZT. The indicated p value is the result of a circular ANOVA. Shaded
regions represent the lighting conditions of the previous cycle at that phase. (c) Representative baseline-subtracted PER2::LUC

bioluminescence traces from ChR2-neg (red) and VIP-ChR2 (blue) slices
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We next measured the free-running period of the
overall PER2::LUC rhythm in the SCN slices from each
group using the Lomb-Scargle periodogram (LSP,
Figure 2a; Tackenberg & Hughey, 2021). PER2:LUC
free-running period was significantly shorter (p = 0.001,
Kruskal-Wallis test) in slices from VIP-ChR2 mice
(median period 23.68, IQR 0.38 h) than in slices from
ChR2-Neg mice (median period 24.42, IQR 0.23 h). The
effect of VIPergic SCN neuron stimulation therefore
mimics the effect of long photoperiod exposure ex vivo
(Ciarleglio et al., 2011; Myung et al., 2015).

To determine the phase angle of entrainment (the rel-
ative alignment of the SCN PER2::LUC rhythm with the
previous entraining LD cycle), we determined the mean
peak time of the first peak relative to the last lights-off
transition before slicing (Figure 2b). The mean phase of
the first peak in VIP-ChR2 slices (ZT 18.12, circular SD
0.42 h) was significantly delayed (p = 0.003, circular
ANOVA) compared with that of the ChR2-Neg slices
(ZT 15.02, circular SD 0.45 h), reflecting the phase delay
induced by the repeated daily extended stimulation.

We performed a parallel experiment to determine if
the plasticity we observed in the SCN ex vivo in response
to targeted stimulation of VIPergic neurons was also
observable in behavioural changes in vivo. We measured
locomotor activity of VIP-ChR2 and ChR2-Neg mice via
passive infrared detection (PID). We exposed the mice to
5 days of short photoperiod (8:16 light:dark, h) followed
by 7 days of 8 h light, 8 h stimulation in the dark, and 8 h
of unstimulated darkness. We then untethered the mice
and transferred the cages into constant darkness (DD) for
7 days (Figures 3a and S6).

Using the LSP on the DD portion of the activity
record for each mouse, we found free-running period was
significantly shorter in VIP-ChR2 mice (median 22.71,
IQR 0.36 h) than in ChR2-Neg mice (median 23.72, IQR
0.25 h; p = 0.013, Kruskal-Wallis test; Figure 3b). This
difference in period is similar to that reported for period
after-effects induced by long and short photoperiods
(Pittendrigh & Daan, 1976; Tackenberg et al., 2020) and
similar to the difference we observed ex vivo (Figure 2a),
indicating that extended stimulation of VIPergic SCN
neurons induces long-photoperiod-like free-running
periods in mice housed in a short photoperiod both in
locomotor behaviour and in the SCN itself measured
ex vivo.

We also measured the effect of stimulation in vivo on
phase angle of entrainment of the locomotor rhythm
using a linear model to identify the mean activity peak
time (“acrophase”) in DD. To account for potential activ-
ity artifacts from untethering and cage transfer into DD
(Figure S4), we measured the phase angle using the full
DD record as well as with the first 24 h excluded. When
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FIGURE 3 Optogenetic stimulation of VIPergic neurons

influences locomotor behaviour free-running period. (a) Median
actograms for ChR2-neg (top) and VIP-ChR2 (bottom) mice. Yellow
shading indicates light exposure, blue shading indicates blue light
stimulation of the SCN (see also Figure S1). (b) Free-running period
in each group as measured by LSP on cycles 2-7 of DD. The
indicated p value is the result of a Kruskal-Wallis test
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calculated excluding the first 24 h of DD, the mean phase
was ZT 0.04 (circular SD: 1.09 h) in the VIP-ChR2 group
and ZT 21.13 (circular SD: 0.78 h) in the ChR2-Neg group
(p = 0.186, circular ANOVA; Figure S5A), while phase
estimates based on all 7 days of DD showed a large vari-
ance (Figure S5B). Differences in free-running period
between the two groups were similar whether calculated
using all 7 days of DD (Figure 3b) or excluding the first
24 h (Figure S5C).

Overall, our results elucidate a role for VIPergic neu-
rons in initiating the sustained reconfiguration of the
SCN clock network in response to changes in photope-
riod. Targeted activation of SCN VIPergic neurons
invoked persistent changes in SCN network configura-
tion and function that constitute encoding of photoperiod
as measured in the isolated ex vivo SCN. Indeed, we
found that optogenetic stimulation in the hours following
lights-off in short, winter-like photoperiods induced
changes in the SCN network similar to a true lengthening
of the light cycle—re-aligning the phase of SCN molecu-
lar rhythms, increasing the phase dispersion of molecular
rhythms across the SCN, and shortening the free-running
period of the SCN clock (Buijink et al., 2016; Ciarleglio
et al., 2011; Inagaki et al., 2007; VanderLeest et al., 2007).

Because our mice were tethered with an optogenetic
fibre throughout behaviour measurement, we used pas-
sive infrared detection (PID) to avoid fibre optic tangling
with a cross-cage running wheel axle. The lower signal-
to-noise ratio of the PID limited high-confidence manual
scoring of activity duration (alpha, Figure S6). In the
future, it may be possible to use axle-free running wheels
with higher signal-to-noise ratio to determine the alpha
after-effects following extended VIPergic SCN neuron
activation.

Some optogenetic studies use enucleated mice to
avoid retinal activation from fibre optic light leak
(Mazuski et al., 2018). Our experiment, which required
light stimulation in addition to optogenetic stimulation,
precluded enucleation. We used cladded fibre optic
tethers, but fibre junctions at the base of the fibre optic
implant and between the implant and the tether allow
some light leak. We controlled for this issue by stimulat-
ing both our experimental (VIP-ChR2) and control
(ChR2-Neg) mice identically, so that any effects of retinal
activation on circadian behaviour would be visible in the
control group. In fact, negative masking (the phenome-
non in which light exposure acutely suppresses locomo-
tor behaviour unrelated to its timing by the circadian
clock) may have occurred in some control animals during
the stimulation window (Figure 3a, top; Figure S4). Con-
sistent with the independence of masking from the circa-
dian system, however, any effects disappear in DD in all
but one control mouse (OCO012, Figure S4). In
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experimental mice (Figure 3a, bottom), the effect on
activity during the stimulation window appears stronger
and persists into DD in many of the mice. The groups
therefore responded differently to the treatment despite
identical surgery and stimulation procedures as shown by
their differences in phase following treatment in vivo
(Figure S5A) and ex vivo (Figure 2b).

VIPergic neurons in the SCN have numerous roles.
These neurons regulate the timing of night-time sleep in
mice (Collins et al., 2020) and provide GABAergic signal-
ling to the paraventricular nucleus (PVN) and sub-
paraventricular zone (SPZ) that acts as a first step in the
relay of circadian information in the SCN to the rest of
the body (Paul et al., 2020; Todd et al., 2018). Loss of the
molecular clock within VIPergic neurons affects the pre-
sentation of the locomotor behaviour rhythm, but abla-
tion of the VIPergic neurons themselves renders animals
arrhythmic (Todd et al., 2020). VIPergic neurons also
play a role in the response to photoperiodic light input.
Knockout of VIP disrupts circadian responses to long
photoperiod, including the persistent compression of
locomotor activity duration and the broadening of the
SCN electrical activity waveform (Lucassen et al., 2012).
As such, VIP is thought to be necessary for the encoding
of photoperiod in the SCN. Here, we have shown that
daily optogenetic stimulation of VIPergic neurons timed
to mimic long photoperiods brings about the persistent
increase in SCN network phase dispersion that underlies
the broadening of the SCN electrical activity waveform
and the compression of behavioural activity duration.
The temporal precision of our stimulation demonstrates a
specific role for VIPergic neurons in establishing the SCN
network representation of photoperiod beyond previous
experiments that have focused on the presence or
absence of VIP itself.

Activation of VIPergic neurons was sufficient to
establish additional persistent after-effects of long photo-
periods in the SCN network, including a shortening of
free-running period and altered phase alignment to dusk.
Our lab and others have found that long and short photo-
periods of 24 h T cycles have corresponding period after-
effects in vivo and ex vivo, though the long-short differ-
ence is often small ex vivo (Evans et al., 2013; Green
et al.,, 2015; Tackenberg et al., 2020). Our results here,
however, show a sizable decrease in period length for the
VIP-ChR2 group (Figure 2a). The larger effect size sug-
gests that extended stimulation of the VIPergic neurons
may be a powerful influence on the subsequent free-
running period of the SCN network, notably one that is
more fully maintained from intact brain into slice cul-
ture. The shortened free-running period may itself be a
consequence of the increased phase dispersion in the
SCN (Beersma et al, 2017; Buijink et al., 2016).
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Interestingly, VIP also appears to play a role in returning
the SCN network to baseline from reconfiguration from
photoperiod (Evans et al., 2013). Taken together, our
results and those of others indicate that VIP and VIPergic
neuron activity are necessary and sufficient for the
encoding and storage of photoperiodic information in the
SCN network.

By demonstrating the sufficiency of VIPergic neurons
in the induction of circadian photoperiodic encoding, we
further defined the importance of this neuronal subpopu-
lation in transmitting photic signals from the retina to
shape the SCN clock network, and downstream effects of
seasonal photoperiod throughout the body.

2 | METHODS
2.1 | Resource availability
2.1.1 | Lead contact

Further information and requests for resources and
reagents should be directed to, and will be fulfilled by,
the lead contact, Douglas G. McMahon (douglas.g.
mcmahon@vanderbilt.edu).

2.1.2 | Materials availability

This study did not generate new unique reagents.

2.1.3 | Data and code availability

The code generated during this study is available at Fig-
Share: https://doi.org/10.6084/m9.figshare.13519043

2.2 | Experimental model and subject
details
221 | Mouse lines

For in vivo experiments, 5 Vip::Cre™ Per2::Luciferase™’~

(4 male, 1 female) and 1 Vip::Cre™~ (male) mice were
used as controls (ChR2-Neg). Nine Vip:Cre™'~floxed-
ChR2"/~ (7 male, 2 female) were used as the experimen-
tal group (VIP-ChR2).

For ex vivo experiments, 8 Vip:Cre“Per2:
Luciferase” ~ (5 male, 3 female) mice were used as con-
trols (ChR2-Neg). Eight Vip::Cre™~ floxed-ChR2™"Per2::
Luciferase™~ (4 male, 4 female) mice were used as the
experimental group (VIP-ChR2).

2.3 | Method details

All procedures involving mice were performed in accor-
dance with Vanderbilt University Institution of Animal
Care and Use committee regulations.

2.3.1 | Fibre optic implant surgery

Fibre optic implant surgery procedure and components
are described in detail in Jones et al. (2021). We anesthe-
tized mice with 3% isoflurane and provided ketoprofen
for pre- and post-operative analgesia. After isoflurane
induction, we secured the head of the mouse in a streotax
and provided lubricating eye drops. We applied iodine-
based antiseptic to the shaved scalp and made an incision
in the skin. We applied 2% hydrogen peroxide to clean
the skull of connective tissue and dried the surface with a
sterile cotton swab. After levelling the skull, we used a
mounted drill to make a small craniotomy at Bregma and
scoured the skull surface with forceps. We lowered a
5-mm fibre optic implant into the craniotomy and
stopped any bleeding that results with ophthalmic absor-
bent strips. We then applied Metabond to the scoured
skull surface surrounding the fibre optic implant post
and let it cure for 5 min, followed by a small but secure
dental cement cap that was allowed to cure for 10 addi-
tional minutes. We secured the skin to the dental cement
cap using sterile veterinary surgical adhesive and coated
the edges of the skin with iodine-based antiseptic.

2.3.2 | Exvivo procedure

After at least 1 week of recovery from surgery in 12:12
LD, we moved the mice to the stimulation light/dark
box, still in standard shoebox cages (no running wheel,
no PID attachment) so that no acclimation was necessary
before tethering. We immediately attached these mice to
the fibre optic tethers and stimulation began at the time
of lights-off that evening. After 7 days of daily stimula-
tion, we extracted and cultured 300-pm slices of SCN for
PER2 luminescence recording.

We made SCN slices 2-4 h before the timing of lights-
off. Our slicing media was composed of 100 ml of 10x
HBSS, 10 ml of 10,000 U/mL PenStrep, 5 ml of 7.5%
sodium bicarbonate, and 2.38 g of HEPES per 1000 ml
sterile water. The slicing solution was chilled and kept
cold in an ice bath during slicing. Our slice culture media
was composed of DMEM with L-glutamine (Sigma
D2902), 4.7 ml of 7.5% sodium bicarbonate, 2.38 g
HEPES, 2.5 ml of 10,000 U/ml PenStrep, and 3.5-g D-
glucose per 1000-ml sterile water. For 6 ml of culture
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media, we added 6 pl of 0.1-M luciferin and 120 pl of 50X
B-27. We cultured the slices in a six-well plate with
1.2 ml of culture media in each well, with a sterile culture
membrane on top. We sealed the plates with PCR plate
sealing film and imaged the slices using an inverted
microscope with an intensified CCD camera attached.
We imaged each slice once per 10 min, using an
aggregation time of 2 min, and continued recordings for
6 days.

2.3.3 | Invivo procedure

We used a separate cohort of mice undergoing the same
surgical and recovery procedures for our in vivo studies.
After recovery in 12:12 LD, we moved animals to 8:16 LD
(short photoperiod) in cages with passive infrared detec-
tors (PIDs) attached. There were no running wheels in
the recovery or experimental cages. We housed mice for
2 days without attachment to the fibre optic tethers to
acclimate to the PID cages. On the second full day, we
attached mice to the fibre optic tether, and the following
5 days were designated as the “Baseline” portion of the
experiment. On the sixth day, the LEDs began turning on
for 8 h each day at 10 Hz, starting at lights-off. To avoid
any effect of a dark pulse between the termination of
light and the onset of stimulation, we set the stimulation
to overlap the light cycle by ~ 3 min. After seven full
days of daily stimulation, we moved the cages of the mice
into a nearby light/dark box for the constant darkness
(DD) portion of the experiment. Cage transfers were done
in dim red light. After seven full days in DD, we ended
the experiment.

Two mice (one each from ChR2-Neg and VIP-ChR2)
were re-run through the in vivo procedure due to an LED
failure and a PID failure, respectively. Neither of these
mice were transferred to DD, but rather remained in the
stimulation light/dark box for the following run-through
of the protocol. Neither mouse received fibre optic stimu-
lation during their initial, failed trial, but did receive
extra days of 8:16 photoperiod as a result.

2.4 | Quantification and statistical
analysis
24.1 | Exvivo analyses

Each SCN slice image corresponded to ~6 cycles of
PER2:LUC bioluminescence with a resolution of six
frames per hour. We processed each image in ImageJ first
using a two-frame minimization to remove CCD noise
(reducing frame rate to three frames per hour) followed
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by an overlay of a grid of 10,404-10 x 10 pm ROIs. We
exported the “stack grid” of the luminescence profiles of
each ROI into R for further analysis. We limited our ana-
lyses to ROIs within the top 20th percentile of overall
luminescence intensity in each slice, thus focusing the
analyses on the SCN tissue. For the PER2::LUC trace in
each ROI, we smoothed using a Savitzky—Golay filter
(order of 2, span of 51) and baseline subtracted using a
more heavily smoothed Savitzky-Golay filtering of the
trace (order of 5, span of half the number of frames). For
each baseline-subtracted, smoothed trace, we identified
up to six peaks (at least 18 h apart).

To eliminate artificial or partial first peaks, we
established a starting cut-off at 18 h post-culture
(Figure S5A). From that starting cut-off, we used a sliding
24-h window to assign peak numbers to each detected
peak regardless of the order identified (this prevents a
missed peak from altering all subsequent peak times,
Figure S5B). For example, if ROI A identified peaks at
24, 48, and 72 h and ROI B identified peaks at 24 and
72 h, this step will appropriately designate ROI A’s peaks
as Peak 1, Peak 2, and Peak 3 and ROI B’s peaks as Peak
1 and Peak 3.

Using this processing, we calculated the mean peak
time of each overall peak and calculated the phase of
each ROI relative to the mean timing of that peak for that
slice. For each peak in each slice, we calculated the
median absolute deviation of peak times and performed
an ordinary two-way ANOVA to measure the main effect
of peak number and group.

With the same starting cut-off of 18 h, we measured
free-running period of the PER2::LUC rhythm using the
Lomb-Scargle periodogram. We compared the groups
using a Kruskal-Wallis test on ranks.

We measured phase as the mean time of the first peak
for each slice. Like our in vivo analysis, we compared the
phase of the two groups using a circular ANOVA, while
calculating the circular mean and standard deviation of
each group.

EJ N European Journal of Neuroscience FENS

2.4.2 | Invivo analyses
We generated median actograms using ClockLab Analy-
sis (Actimetrics).

We estimated the acrophase for each mouse in each
cycle following the final stimulation offset. In R, we fit a
linear regression of the acrophase for cycles 1-7 or cycles
2-7 to retroject the acrophase of the final day before
DD. We analysed phase differences between the two
groups using a circular ANOVA with the circular pack-
age. Using the same package, we calculated circular
means and standard deviation.
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We measured free-running period using the Lomb-
Scargle periodogram on the counts (1-min resolution) for
cycles 1-7 (Figure 3b) or cycles 2-7 (Figure S5C) from
each actogram exported to R. We analysed the free-
running period using a Kruskal-Wallis test on ranks.
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