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Abstract

Svalbard ptarmigan (Lagopus muta hyperborea), permanent inhabitants of the High Arctic,
lose daily behavioral rhythmicity during polar day and night, and rhythms in core body
temperature (Tp) weaken after prolonged exposure to constant photic conditions. A weak
circadian system has been suggested in Svalbard ptarmigan, however, the molecular clockwork
in Svalbard ptarmigan has not been investigated yet. Here, we studied activity and Ty in
Svalbard ptarmigan after controlled changes in light conditions and examined the molecular
dynamics of the clock.

We show that daily rhythms in locomotor and feeding activity in Svalbard ptarmigan stop
after a transition from external light-dark cycles (LD) to constant dark (DD)/constant light (LL),
while rhythms in Ty, persisted for at least 10 days in all experimental birds. Approximately four
days after a transition from DD to LD birds showed a rise in Ty in anticipation of light onset.
These findings suggest an endogenous timing system in control of Ty under LD that weakens
under constant conditions. A sustained ultradian rhythmicity was present during the entire
experimental design, however, the underlying mechanisms driving ultradian rhythms in
Svalbard ptarmigan remain unclear.

To investigate the molecular dynamics of the clock we performed luciferase promoter
reporter assays and gPCRs with Svalbard ptarmigan skin fibroblasts. We observed daily
oscillations in Per2 and Bmall transcription, however, no rhythmicity in clock gene expression
was measured by qPCRs. This discrepancy may reflect the high temperature sensitivity of our
promoter reporters to small temperature fluctuations we detected in our equipment. Finally, we
show that ptarmigan fibroblasts cycle with simulated body temperature cycles with Perl and
Bmall transcription being in phase, indicating a response to temperature cycles rather than to
an endogenous clock. Taken together, these findings argue for a weak circadian system in

Svalbard ptarmigan.

Keywords: Svalbard ptarmigan, circadian, ultradian, activity, feeding, core body temperature,

fibroblasts.
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1 Introduction

1.1 Biological rhythms

Organisms living on our planet experience a highly rhythmic environment. The Earth’s rotation
around its own axis every 24 hours creates day and night, and its yearly orbit around the Sun
with an axis tilt of about 23.5° results in the seasons (Figure 1). Cycles of environmental
conditions caused by the Earth’s movement are complemented by organisms which have
rhythms in physiology and behaviour, called biological rhythms. A strong evolutionary
selection pressure results in most organisms possessing endogenous biological rhythms. They
allow organisms to anticipate regular changes in the environment, adjust their physiology and
behaviour to keep in synchrony with rhythmic changes in nature and are hypothesized to
thereby increase fitness and survival. Biological rhythms can have different period lengths (eg.

yearly, lunar, tidal), and this study focuses on circadian rhythms.

Earth axis tilt e 'k}
(~23.5%) ) R,

Period = ~24 hours

/:" Winter Solstice
/
4

,,
ff Period = ~ 365 days

Autumnal Equinox

Figure 1 The Earth’s orbit around the sun. Every ~ 365 days it completes one orbit with an axis tilt of ~ 23.5°, creating the
seasons. Its rotation around its own axis creates day and night. The axis tilt is also responsible for greater differences in light
and dark over the year at higher latitudes. Adapted from (Appenroth, 2016).



1.1.1 Circadian rhythms

The term ‘circadian’ derives from the Latin words ‘circa’ (about) and ‘diém’ (day) and
means ‘about a day’. Circadian rhythms have a period of about 24 hours and are driven by an
endogenous molecular mechanism called circadian clock. Circadian clocks must satisfy three
criteria:

1) A circadian rhythm must be entrainable to the environment. The circadian clock
receives input from the environment and can use different external cues to stay entrained
to a rhythmic environment. External cues that entrain the circadian clock are called
zeitgebers (German for time givers). The environmental light-dark cycle is the most
important zeitgeber, however, many external cues occurring in daily cycles (eg. ambient

temperature, food availability) can be used as a zeitgeber.

2) A circadian rhythm must persist under constant environmental conditions. In the
absence of external cues, a circadian rhythm is no longer entrained to the environment,
but persists with a period close to 24 hours, called free-running rhythm. Persisting in
constant conditions and thus being endogenous, circadian rhythms can be clearly
distinguished from 24-hour rhythms that are exogenously driven and do not persist

without external cues from the environment.

3) Circadian rhythms must be temperature compensated to maintain a constant period
unaffected by ambient temperature fluctuations (over the range of temperatures at which

the timer mechanism operates).

1.1.2 The circadian clock

In mammals, the circadian clock is based on biochemical processes within the cell, where
the production and degradation of clock proteins drive a negative feedback loop (Figure 2), in
which clock genes are regulated by their own products (Partch et al., 2014). This transcription-
translation feedback loop (TTFL) makes up a cell autonomous molecular clock producing ~
24-hour rhythms of gene expression and is composed of two major feedback loops. The primary
feedback loop begins with the transcription factors CLOCK:BMALL1 bindings to E-box (a
transcription factor binding site) elements in the promotor region of the repressor genes Period
(Per1,2,3) and Cryptochrome (Cryl,2), which then are expressed. The protein products PER
and CRY accumulate in the cytoplasm, heterodimerize and translocate to the nucleus where



they interact with CLOCK:BMALL to inhibit activation of transcription. Over time the
repressive PER and CRY proteins are phosphorylated, which leads to their ubiquitination and
ultimately to their degradation, at which point CLOCK:BMALL is able to transactivate at E-
box elements once more, starting the cycle again. The time required to complete one cycle is
approximately 24 hours. This primary feedback loop is supported by a secondary loop, which
is regulated mainly by the induction of the receptors REV-ERBa and RORa through
CLOCK:BMAL1. REV-ERBa represses the transcription of Bmall while RORa induces
Bmall transcription (Preitner et al., 2002). In this loop the rhythmic transcription of Bmall
expresses a phase opposite to that of Per and Cry. The secondary loop is involved in the
stabilisation of the primary feedback loop. The described core clockwork, a molecular

oscillator, regulates temporal cycles in various physiological processes.
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Figure 2 The transcription translation feedback loop in mammals. In this primary negative feedback loop the clock genes Per
and Cry are regulated by their own protein products, and it takes ~ 24 hours to complete one cycle. Kinases and phosphatases
control the degradation of clock proteins by the ubiquitin- (Ub) proteosome pathway. A secondary loop, regulated by REV-
ERBa and RORa, contributes to the stabilisation of the primary feedback loop. This molecular clockwork regulates temporal
organization many physiological processes. Adapted from (Partch et al., 2014).



In mammals, core clock genes are rhythmically expressed in most cells of the body
(Cuninkova and Brown, 2008). Circadian gene expression has been found in peripheral tissues
in multiple animals, including Drosophila (Plautz et al., 1997), zebrafish (Whitmore et al.,
1998), and rats (Yamazaki et al., 2000). Balsabore et al. (1998) showed that the treatment of
cultured rat-1 fibroblasts with high concentrations of serum induced the circadian expression
of several genes that are also rhythmically expressed in vivo, including rat Perl and Per2, and
showed that cultured rat-1 fibroblasts contain a clock that is capable of measuring time with
high precision (Balsalobre et al., 1998).

In order to create a coherent rhythm, the clocks have to be synchronized. This is done by a
‘master pacemaker’, the suprachiasmatic nucleus (SCN) in the brain (Yamazaki et al., 2000,
Yoo et al.,, 2004). The SCN consists of two small, paired structures in the anterior
hypothalamus, located right above the optic chiasm. It contains about 20 000 neurons exhibiting
a high degree of intercellular coupling (Reppert and Weaver, 2001). In this neuronal network
the phase of clocks is not disturbed by systemic changes (Buhr et al., 2010). However, the phase
of peripheral clocks can be influenced by the SCN through, for instance, circulating hormones,
and by systemic changes including body temperature (Brown et al., 2002). It has been shown
that circadian gene expression can be synchronized by simulated body temperature cycles with
only 1 °C and 3 °C daily differences in mice and human fibroblast cultures (Saini et al., 2012).
Thus, peripheral clocks are sensitive to changes within the body, whereas the SCN is not
affected by systemic changes and is in control of the overall rhythm in the animal.

The external light-dark cycle is the most important zeitgeber, and in mammals the eyes are
necessary for the detection of light to keep the SCN entrained with the solar cycle (Yamazaki
et al., 1999). Light is detected in the retina, and the SCN receives lighting information via the
retinohypothalamic tract (RHT) (Morin, 1994). The synchronized SCN controls multiple
entrainment signals and consequently synchronizes peripheral clocks throughout the body and

creates a coherent rhythm in the organism.

1.1.3 Avian circadian organization

Unlike mammals, birds possess several central pacemakers that together control overt
circadian organization. The pineal gland, the retina and the SCN interact to sustain circadian
rhythmicity in birds (Binkley et al., 1980, Ebihara et al., 1984, Gaston and Menaker, 1968,
Takahashi and Menaker, 1982, Underwood et al., 1990, Zimmerman and Menaker, 1979).

The pineal gland produces and releases the hormone melatonin in a rhythmic fashion.

Melatonin is the chemical signal for darkness, and it is involved in synchronizing the circadian

4



rhythm. The avian pineal gland contains both photoreceptors and an autonomous circadian
oscillator (Natesan et al., 2002). Thus, daily patterns of melatonin synthesis can be directly
entrained to the external light-dark cycle. In a study on house sparrows (Passer domesticus),
surgical removal of the pineal gland (pinealectomy ) resulted in the birds becoming arrhythmic
in constant darkness (DD) (Gaston and Menaker, 1968). However, rhythmicity could be
restored in pinealectomized house sparrows within one day after transplantation of pineal
glands into the anterior chambers of the eye (Zimmerman and Menaker, 1979). These
experiments show that the pineal gland is necessary and sufficient for the maintenance of
circadian rhythmicity in house sparrows. Pinealectomy in Japanese quail (Coturnix japonica),
on the other hand, did not alter free-running circadian rhythms (Simpson and Follett, 1981),
which shows that there are species specific differences in birds.

In many bird species photoreceptors in the retina synthesize and release melatonin as well.
The retina in Japanese quail and domestic pigeon (Columba livia domestica) produce nearly as
much melatonin as the pineal gland (Ebihara et al., 1997). Experiments with Japanese quail also
suggest that the ocular melatonin rhythm is driven by a clock located in the eye itself
(Underwood et al., 1990).

The avian SCN contains two structures, the medial SCN (mSCN) and the visual SCN
(vSCN) (Cantwell and Cassone, 2006, Cassone and Moore, 1987), which are connected through
neuronal projections. The vVSCN expresses metabolic rhythmicity and electrical activity and
receives input from the RHT (Cantwell and Cassone, 2002, Cantwell and Cassone, 2006,
Cassone and Moore, 1987, Juss et al., 1994, Lu and Cassone, 1993). Furthermore, it contains
melatonin receptors (Cassone et al., 1995, RIVKEES et al., 1989). The mSCN does not possess
these properties. It does, however, express clock gene rhythmicity (Yasuo et al., 2002,
Yoshimura et al., 2000).

There are two complementary theories describing how the pineal gland, the SCN and the
retina are connected to each other. The “neuroendocrine loop model” (Figure 3) suggests that
inhibitory actions between the three pacemakers determine the overall output of the clock
(Cassone and Menaker, 1984). Light passing through the skull of birds acts through
photoreceptors in the pineal gland and inhibits the output of this pacemaker. At the same time,
light causes an activation of the SCN output. During the night, the pineal gland secretes
melatonin and thereby influences various downstream structures and processes, including the
VSCN, which is inhibited by melatonin. The production of melatonin declines when dawn
approaches, and its inhibition of the SCN output ends. During the day, the SCN are active and

influence various downstream processes, including inhibition of the production of melatonin in
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the pineal gland through the secretion of norepinephrine (NE). The retina has a similar function
as the pineal gland, producing melatonin during the night. During the day, light information
from the retina is transduced to the SCN via the RHT. In this way, stable phase relationships

are maintained, and each pacemaker can influence downstream processes.
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regulation (NE)
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Figure 3 The neuroendocrine loop model. The three circadian pacemakers are shown as circles containing sine waves (yellow
circles = photoreceptive structures). Blue lines show the interactions between structures (rectangles = inhibiting, arrows =
activating, open-ended = connecting). Adapted from (Helm, 2020).

Alternatively, the model of “internal resonance” suggests that the three oscillators
synchronize and amplify each other through resonance (Gwinner, 1989). The reduction of the
amplitude of one of the three oscillators would thus decrease the amplitude of the other two
oscillators. This implies that elimination of the endogenous melatonin rhythm should lead to a
damped rhythmicity of the circadian oscillators under constant conditions. Furthermore,
oscillators should be able to entrain to an increased range of zeitgeber periods and adjust more
quickly to the new phase of the zeitgeber in the absence of an endogenous melatonin rhythm
(Gwinner and Brandstatter, 2001). This hypothesis was tested in house sparrows (Janik et al.,
1992). Pinealectomized house sparrows became arrhythmic under constant conditions, and in

synchronized conditions their range of entrainment increased, supporting the model.



1.1.4 Circadian clocks in seasonal timing

Seasonal timing of physiology and behaviour plays an important role in many animals.
Yearly migration, hibernation, moult and reproduction are all examples for seasonally timed
events. In photoperiodic species, changing day length (photoperiod) is measured to stay
synchronized with seasonal changes in the environment, and the circadian clock is thought be
involved in this process (Blnning, 1960). The model of ‘external coincidence’ (Pittendrigh and
Minis, 1964) suggests the existence of an endogenously generated circadian rhythm of
photosensitivity, where a long day response occurs when the organism is exposed to light during
its photosensitive phase. Inductive light periods reoccurring approximately every 24 hours have
been shown in the photosensitive white-crowned sparrow (Zonotrichia leucophrys gambelii)
(Follett et al., 1974). Light exposure during the photosensitive phase of the organism’s internal
~ 24 hour rhythm is, according to the model, more important for the induction of photoperiodic
responses than the duration of perceived light.

In birds, deep brain photoreceptors have been found to detect changes in photoperiod
(Nakane et al., 2010). According to the current working model, light information received by
deep brain photoreceptors is signalled to the pars tuberalis (PT), a region of the pituitary gland
where the production of thyroid stimulating hormone (TSH) is either induced or inhibited,
depending on the time of the year, and TSH initiates important seasonal responses in physiology
(Nakane and Yoshimura, 2014). Appenroth et al. (2020) have shown that rhythmic clock gene
expression in the mediobasal hypothalamus (MBH) and PT persisted under constant conditions
in Svalbard ptarmigan (Lagopus muta hyperborea). Furthermore, a rhythmic sensitivity to light
that requires a functional circadian system has been shown to drive the seasonal biology of
Svalbard ptarmigan, providing evidence for the involvement of the circadian clock in a seasonal

photoperiodic response (Appenroth et al., 2020).



1.1.5 Adaptive value of circadian clocks

Circadian clocks are found in organisms ranging from bacteria to mammals, and their
ubiquity indicates adaptive significance. Endogenously generated rhythms that are entrained by
environmental factors offer several advantages over exogenously driven, passive rhythms. For
instance, irregular environmental conditions, such as changing weather, have far smaller effects
on rhythms in physiology and behaviour when an endogenous clock is present. It is
hypothesized that circadian clocks may have evolved to provide organisms with selective
advantage in two ways: (i) by synchronizing physiology and behaviour to cycles of
environmental conditions (extrinsic adaptive value), and (ii) by coordinating internal

physiological processes (intrinsic adaptive value).

1.1.5.1 Extrinsic adaptive values

According to the hypothesis of extrinsic adaptive value, circadian clocks help organisms
respond to daily challenges by programming their biological functions at favourable times of
the day. Experiments where the circadian clock was disrupted support the assumption that
staying synchronized with the environment gives an organism selective advantage.
Cyanobacterial strains with different clock properties, some with functional circadian clocks
and some with disrupted clocks grown in competition, showed that in rhythmic environments
bacteria with clock periods matching the environmental rhythm out-competed bacteria with
clock periods differing from the environmental rhythm (Woelfle et al., 2004). Plants are also
believed to gain advantage from circadian clocks. A study on Arabidopsis thaliana showed that
plants with a clock period matching the environment survived better than plants with clocks
whose periods were out of phase with the environmental period (Dodd et al., 2005). Wild types
with clocks matching the environment contained more chlorophyll, fixed carbon better and
grew faster than plants with long- and short period mutations. Moreover, a study on diurnal
antelope ground squirrels (Ammospermophilus leucurus) showed that SCN-lesioned animals
were more active at night time and thus easier prey in the wild, and they showed a lower survival
rate than individuals with an intact SCN (DeCoursey et al., 1997). Spoelstra et al. (2015)
conducted a study on mice carrying a short-period mutation (tau mutation). Wild-types,
homozygous and heterozygous individuals in a Mendelian ratio were allowed to breed and be
naturally predated in a semi natural enclosure. Individuals carrying the tau mutation were more
active during the day and homozygous individuals showed a lower survival rate. After 14

months the relative frequency of the tau allele had dropped from 50% to 20% (Spoelstra et al.,



2016). The strong selection against the short-period genotypes in this study, together with other
observations of lower survival rates in organisms with clock periods differing from the

environment support the hypothesis of extrinsic adaptive value.

1.1.5.2 Intrinsic adaptive values

Circadian clocks are also believed to provide organisms with advantage by maintaining
temporal order within the organism. Circadian rhythms have been discovered at multiple levels
of biological organization, such as locomotor activity, body temperature, blood sugar, adrenal
activity, liver glycogen content, and RNA and DNA metabolism (Halberg, 1960). Several
studies have focused on effects of altered circadian clocks on animal health. A study on golden
hamsters (Mesocricetus auratus) showed that a short-period mutation of the circadian system
caused cardiovascular and renal diseases in these animals, suggesting that a mismatch between
the clock and the environment can be deleterious (Martino et al., 2008). Clock mutant mice
were found to develop several metabolic syndromes and they became hyperphagic and obese
(Turek et al., 2005) and BMALL1 deficient mice had reduced life spans and developed several
characteristics of premature aging (Kondratov et al., 2006). Furthermore, loss of clock function
caused by several mutated clock genes lead to a decrease in reproductive fitness in males of
Drosophila melanogaster (Beaver et al., 2002). Loss of clock function in these studies affected
different outputs of the clock, therefore it is difficult to determine whether these effects were
caused by the loss of a functional clock, or by the loss of a particular gene.

In humans, shift work is associated with an increased risk of obesity, diabetes and
cardiovascular disease (Kroenke et al., 2007, Morikawa et al., 2007, Tlchsen et al., 2006) and
chronic misalignment between behavioural rhythms and the endogenous circadian timing
system has been proposed to be the underlying cause (Kohsaka and Bass, 2007, Sack et al.,
1992).

Overall, these studies support the hypothesis of intrinsic adaptive value, however, the role
of circadian clocks in the maintenance of internal order has not been proven with certainty to

confer adaptive value to organisms.

1.1.6 Circadian rhythms in aperiodic environments

In the context of adaptive value, it is interesting to have a closer look at organisms inhabiting
aperiodic environments. If the endogenous circadian clock does not provide organisms with
intrinsic adaptive value, a lack of selective pressure is predicted to cause regression in their

circadian biology (Sharma, 2003). In the lab, D. melanogaster has due to its rapid live cycle
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been object of several studies testing the persistence of circadian rhythms by maintenance of
the flies in constant conditions for many generations. D. melanogaster kept under constant light
(LL) for more than 700 generations still exhibited circadian rhythms in eclosion and were able
to entrain to different light-dark cycles (Paranjpe et al., 2003), and they showed circadian
rhythms in locomotor activity after 600 generations under DD (Sheeba et al., 2002). However,
in the light of evolution 600 — 700 generations are a short time, and one may ask if the flies
were given enough time to adapt to an aperiodic environment.

In this respect it interesting to look at organisms naturally living in aperiodic environments,
where evolution has had plenty of time to adapt to aperiodicity. Polar environments provide a
good opportunity to study circadian rhythms, as organisms in these areas experience extended
periods in the absence of light-dark cycles as a zeitgeber. During summer, when the sun does
not set in arctic regions, the Arctic ground squirrel (Urocitellus parryii) maintains daily rhythms
in behaviour and physiology (Williams et al., 2012, Williams et al., 2017) and Isospora
plectrophenaxia, a parasite of the snow bunting, keeps a 24-hour rhythm of oocyst output
(Dolnik et al., 2011). However, the distribution of Arctic ground squirrels ranges into lower
latitudes, and snow buntings are migratory birds that winter in temperate areas. Thus, they
experience rhythmic environmental light-dark cycles for much of the year. Reindeer (Rangifer
tarandus) and Svalbard ptarmigan, on the other hand, spend the entire year in the Arctic, where
an environmental light-dark cycle is absent for large parts of the year. Both species show no
overt circadian rhythms in activity during arctic summer and winter (Reierth and Stokkan,
1998a, Reierth et al., 1999, Van Oort et al., 2005). A study by Lu et al. (2010) showed that
melatonin rhythms in reindeer acutely responded to the environmental light-dark cycle, but not
to circadian phase. To examine the molecular clock in reindeer, Lu et al. (2010) generated Per2
and Bmal1l luciferase reporter constructs and introduced them into reindeer fibroblasts through
transduction. Luciferase is an enzyme that together with its substrates luciferin and ATP
produces bioluminescence in various organisms in nature. In the experiment, the DNA coding
sequence for luciferase was fused with the regulatory regions of the genes Per2 and Bmall,
resulting in expression of luciferase when transcription of the target genes was upregulated. To
validate the approach mouse fibroblasts were infected with the same reporter constructs (Figure
4a). In contrast to mouse fibroblasts, reindeer fibroblasts did not exhibit overt circadian
oscillations (Figure 4b) indicating a weak molecular clockwork (Lu et al., 2010).
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Figure 4 Molecular rhythms in mouse and reindeer fibroblasts. Cultured fibroblasts were transduced with Per2 and Bmall
luciferase reporters and synchronized with forskolin before bioluminescence recording. Data is presented as spline fit. (a)
mouse fibroblasts. (b) Reindeer fibroblasts. Adapted from (Lu et al., 2010).

Both reindeer and Svalbard ptarmigan lose daily behavioural rhythmicity in the absence of
an external light-dark cycle, and the similarity in behaviour patterns suggests similar clock
properties in both species. However, the dynamics of the molecular clock in Svalbard ptarmigan
have not been examined yet, and this study will focus on endogenous circadian rhythms in this

species.
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1.2 Svalbard ptarmigan

1.2.1 An interesting organism to study circadian biology

Svalbard ptarmigan (Lagopus muta hyperborea) (Figure 5)
are permanent inhabitants of the islands of Svalbard, an
archipelago in the High Arctic (74-81°N) about 700 km north
of mainland Norway. Svalbard experiences extreme changes in
daylength throughout the year. From late April to late August
the sun stays permanently above the horizon, whereas from
November to the end of January the sun stays lower than 6°
below the horizon. These special light conditions, creating
polar day and polar night, make animals living on Svalbard

especially interesting to study adaptations to circadian biology,
as the main zeitgeber for the circadian clock is missing for large  Figure 5 Male Svalbard ptarmigan

parts o f the year used in the experiment.

1.2.2 Characteristics of Svalbard ptarmigan

Svalbard ptarmigan are larger and heavier than both willow ptarmigan (Lagopus lagopus)
and rock ptarmigan (Lagopus muta) on mainland Norway, and their body mass varies
significantly throughout the year (Figure 6). To survive the long winter night, Svalbard
ptarmigan deposit huge stores of fat (Mortensen and Blix, 1989). However, not only their
appetite and fat stores change with season, but also their plumage. The summer plumage is
brown-yellowish-black, and males usually have a white breast and abdomen. In winter both
sexes are white with black tail-feathers, and the males have a black stripe running from the eyes
to the beak. In winter Svalbard ptarmigan often sit in holes they dig in the snow to protect

themselves from very low temperatures.
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Figure 6 Changes in body mass and food intake in captive Svalbard ptarmigan exposed to natural light and temperature
conditions at 79°N for 13 months. The birds were provided with standardized high-quality feed and water or snow ad libitum
during the entire period. Vertical bars show SE. Adapted from (Stokkan et al., 1986).

1.2.3 Activity and body temperature rhythms in Svalbard ptarmigan

Reierth and Stokkan (1998) studied rhythms in feeding activity in Svalbard ptarmigan under
natural photoperiodic conditions at 79°N in Svalbard and at 70°N in Tromsg (Figure 7).
Feeding activity was intermittent during the polar day and night at 79°N. At 70°N, feeding
activity was intermittent during summer, but in winter the birds seemed to be entrained. When
an external light-dark cycle was present in autumn and spring, all birds were diurnal.
Periodogram analysis revealed ultradian rhythmicity between May and August (Reierth and
Stokkan, 1998a). In a recent study, Appenroth et al. (2020) exposed Svalbard ptarmigan to
different photoperiods. Initially kept under LD 12:12 (12 hours of light, 12 hours of dark), the
photoperiod was gradually reduced to LD 6:18, then one group of birds was gradually
transferred into LD 16:8 and finally into LL while the second group stayed under LD 6:18. A
third group of birds was transferred from LD 6:18 to DD. Locomotor activity and core body
temperature (T,) were recorded throughout the experimental design. The birds showed
circadian rhythmicity in locomotor activity under external light-dark cycles that disappeared
under LL and DD. Ultradian rhythms were also observed in this study, especially in birds under
LL. Ty rhythms under LD were pronounced, with higher temperatures during the light phase,
however, rhythms weakened under constant conditions. A rise in Ty in anticipation of light
onset was observed, suggesting a circadian system to be in control of Ty, rhythms under LD that

weakens under constant photic conditions.
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1.2.4 Variation in plasma melatonin

As mentioned earlier, the production of melatonin
by the pineal gland is an important component of the
avian circadian system. It influences, for instance,
rhythms in body temperature, (Binkley et al., 1971)
locomotor and feeding activity (Heigl and Gwinner,
1995) in house sparrows. The plasma level of melatonin
iIs high during the night and low during the day in both
diurnal and nocturnal animals, and the circadian rhythm
in melatonin secretion is thought to be a physiological
link between the animal and its photoperiodic
environment. A study on Svalbard ptarmigan at 70°N,
experiencing the natural photoperiod of this latitude,
showed varying plasma levels of melatonin throughout
the day with increased levels at night all year, except
for May-July (Figure 8) (Reierth et al., 1999). From
May to July no daily rhythm in plasma melatonin was
observed. Both melatonin production and the amplitude
of melatonin production were reduced in mid-winter. A
rhythm of light intensity was present all year round, but
the amplitude of melatonin production was much
reduced around summer and winter solstice. These
results suggest a seasonal change in flexibility of the
circadian system Svalbard ptarmigan, that may be an

important adaptation to life in the arctic.
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Figure 8 Daily variations in plasma melatonin
in Svalbard ptarmigan throughout one year
(black dots = mean * standard error of the
mean). The line without black dots represents
measured light intensity in lux (missing for the
first month). White bars represent sun above the
horizon, shaded bars represent civil twilight and
black bars represent night. Adapted from
(Reierth et al., 1999).

1.2.5 Adaptive value of the circadian clock in Svalbard ptarmigan

Daily activity patterns may be less important to inhabitants of arctic environments, but the

circadian system may be preserved due to its importance in seasonal synchronization. In

Svalbard ptarmigan, rhythmic clock gene expression within the key tissues in the seasonal

neuroendocrine cascade, the MBH and the PT, persists under constant conditions (Appenroth

et al., 2020). Furthermore, a circadian rhythm in photosensitivity in Svalbard ptarmigan was
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shown by Appenroth et al. (2020), supporting the model of ‘external coincidence’ and thereby
the assumption that the circadian clock is involved in measuring photoperiod. Thus, a circadian
clock seems to be an important part of seasonal synchronization in Svalbard ptarmigan, but

fails to maintain daily rhythms in activity under constant environmental conditions.

1.3 Aim of the study

“For a large number of problems there will be some animal of choice or a few such animals
on which it can be most conveniently studied” (Krogh, 1929). This concept, known as Krogh’s
principle, emphasises the importance of choice of organisms when studying biological
problems. Svalbard ptarmigan are permanent inhabitants of the High Arctic, experiencing
extreme photoperiodic conditions throughout the year. Living in an area where the main
zeitgeber for the circadian clock is absent for large parts of the year, Svalbard ptarmigan can be
seen as an ideal organism to study adaptations to circadian biology. Previous studies have
focused on the output of a circadian clock in Svalbard ptarmigan under natural or simulated
natural light conditions. However, a lack of circadian behaviour in the absence of a light-dark
cycle does not prove that a functional molecular clock is not present in Svalbard ptarmigan. A
possible reason for arrhythmicity under constant photic conditions could be a weak coupling
between the clock and its output. The molecular clock in Svalbard ptarmigan has not been
investigated yet, and in this study we aim to characterize the behavioural and molecular

circadian biology of Svalbard ptarmigan, following two strategies:

1) An in vivo experiment to study activity and body temperature under controlled light
conditions

2) Invitro experiments to examine the dynamics of the molecular clock

With these experiments we aim to answer the following five questions:

1) What happens to activity, feeding behaviour and body temperature rhythms after a
sudden change from LD to DD/LL?

2) How quickly do Svalbard ptarmigan re-entrain to light-dark cycles after a change from
DD/LL to LD?

3) Are there differences in ultradian rhythmicity under different light conditions?

4) Can we observe circadian oscillations in ptarmigan fibroblast clocks?

5) Can ptarmigan fibroblast clocks entrain to simulated body temperature cycles?
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2 Materials and Methods

2.1 Experimental animals

Svalbard ptarmigan (Lagopus muta hyperborea) were hatched from eggs laid by Svalbard
ptarmigan held in capture in cages outdoors at the University of Tromse (69° 39°N, 18° 57°E).
Chicks were either raised outdoors on the ground or in cages, or indoors. Seven birds (three
females and four males) were transferred to cages in three isolated rooms indoors (Figure 9).
Throughout the experiment the birds were provided ad libitum with standardized protein food
(Ref. No.: 4120 TAU, Fiska Mglle AS) and fresh water. The average temperature in the rooms
was 8 °C (max: 12.5 °C, min: 6 °C). All birds were kept in accordance with EU directives under
licence provided by the Norwegian Food Safety Authority (Mattilsynet, FOTS 14209).

269-98 42017 072-98 ¢ 2018
079-98 42018 078-98 42018
041-98 9 2018

Room 1 Room 2
Room 6
047-98 9 2018 Top cage
R35 &2019 Middle cage
Bottom cage

Figure 9 Plan of the three isolated rooms where the experimental birds were housed. Distribution of the birds + their
identification, gender and year of birth.
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2.2 Chemicals

Table 1 Chemicals used for iButton surgeries

Reagent

Code (company)

Isoflurane

ESDG9623C (Baxter)

Chlorhexidine 1 mg/ml

007227 (Fresenius Kabi)

0.9% Sterile Saline

7533 (B. Braun)

Metacam 2 mg/ml Meloxicam

386860 (Boehringer Ingelheim)

Metacam 1.5 mg/ml Meloxicam

000209 (Boehringer Ingelheim)

100% medical oxygen 10l Conexia

101530 (Linde)

Table 2 Chemicals used for cell culture work

Reagent

Code (company)

Dulbecco's Modified Eagle's Medium - high glucose

D5796-500ML (Sigma-Aldrich)

Dulbecco's Phosphate Buffered Saline

MSO00F51003 (Biowest)

Fetal Bovine Serum

S009E20107 (Biowest)

Penicillin/Streptomycin

15140-122 (Gibco)

Trypsin

15090-046 (Gibco)

Gelatin solution

G1393-100ML (Sigma-Aldrich)

Dimethyl sulfoxide BO515A (NEB)

Forskolin F3917 (Sigma-Aldrich)
Melatonin M5250 (Sigma-Aldrich)
Dexamethasone D4902 (Sigma-Aldrich)
Poly-L-lysine solution P4832-50mL (Sigma-Aldrich)
Ultra Pure Water L 005 (Biochrom)

DMEM powder, with l-glutamine and 1000 mg
glucose, without phenol red and sodium bicarbonate

D-2902 (Sigma-Aldrich)

D-glucose powder

G7021 (Sigma-Aldrich)

1 M HEPES buffer HO0887 (Sigma-Aldrich)
Sodium bicarbonate solution 7.5% S8761 (Sigma-Aldrich)
Beetle Luciferin, Potassium Salt E1601 (Promega)

Flouroshield™ with DAPI

F6057-20ML (Sigma-Aldrich)

Table 3 Chemicals used for ligation, transformation and cloning

Reagent

Code (company)

LB Broth (Miller)

L3522-1KG (Sigma-Aldrich)

LB Broth with agar (Miller)

L3147-1KG (Sigma-Aldrich)

Ampicillin A9393-5G (Sigma-Aldrich)
Kanamycin 60615-5G (Sigma-Aldrich)
Zero Blunt® TOPO® PCR Cloning Kit 450245 (Thermo Fisher)
NEB® 5-alpha Competent E. coli (High Efficiency) |C29871 (NEB)

SOC Outgrowth Medium B9020S (NEB)

pGL3 basic E2 48747 (Addgene)
pLV6-Bmal-luc 68833 (Addgene)
AAV-P(Cryl)-forward-intron336-Venus-NLS-D2 110054 (Addgene)
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Table 4 Chemicals and kits used for plasmid extractions

Reagent Code (company)

2-Propanol 19516-500ML (Sigma-Aldrich)
Ethanol absolute 20821.310 (VWR)

QIAprep® Spin Miniprep Kit (250) 27106 (Qiagen)

QIAGEN® Plasmid Midi Kit (100) 12145 (Qiagen)

HiSpeed® Plasmid Maxi Kit (10) 12662 (Qiagen)

Table 5 Chemicals used for Big Dye sequencing reactions

Reagent Code (company)

M13 forward (-20) primer

N52002 (Thermo Fisher Scientific)

BigDye™ Terminator v3.1 Cycle Sequencing Kit

4337457 (Thermo Fisher Scientific)

Table 6 Chemicals used for transfections

Reagent Code (company)
Lipofectamine™ 3000 Transfection Kit L3000-001 (Thermo Fisher Scientific)
ViaFect™ Transfection Reagent E4983 (Promega)

TransIT®-LT1 Transfection Reagent

MIR 2304 (Mirus)

METAFECTENE® PRO Transfection Reagent

T040-1.0 (Biontex)

CellLight™ Actin-GFP, BacMam 2.0

C10506 (Thermo Fisher Scientific)

PEYFP-Mito

Gift from Kenneth Bowitz Larsen

Table 7 Forward and reverse primers used for gPCR reactions

Gene Forward primer 5" - 3 Reverse primer 5" - 3"

Clock TGGAAAGATTTGATACCAGC GACGAATGATCTGATACTGC
Bmall TTCATCCTAAAGACATTGCC GCATCTATAAGCCTTTCTCG
Cryl CGTTTGTTTGTTATTCGTGG TAGCCAGCTTCTTAATTGC
Cry2 GTTGCAAATTACGAAAGACC GCTTCACCTTCTTATACAGC
Per2 AAATGGAACTTCTGGAATGG AGATTCCTGTGGTTTAATGC
Per3 AATGGAAATTGTGCAGAGG TCCTTGATGCAATATACAGC
Ppib CTGACGAGAACTTCAAGC TGGTGATGAAGAACTGGG

Table 8 Kits and chemicals used for RNA extractions, cDNA conversion and gPCR reactions

Reagent Code (company)

RNeasy® Mini Kit (50) 74104 (Qiagen)

QIlAshredder (50) 79654 (Qiagen)

RNase-Free DNase Set (50) 79254 (Qiagen)

Nuclease-Free Water P119E (Promega)

High Capacity RNA-to-cDNA Kit 4387406 (Thermo Fisher Scientific)
GoTag® gPCR Master Mix AB00A (Promega)
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2.3 Implantation of iButton temperature loggers

Surgical implantations of iButton temperature loggers (DS1922L, Maxim Integrated) were
performed on 16. — 17. September 2020 by Daniel Appenroth, assisted by Alexander West,
Vebjgrn Melum and Fredrik Markussen. Isoflurane in 100% medical oxygen was administered
to the birds through a face mask with the help of an Ohmeda vaporizer (BOC Healthcare) and
a Vapor 200 isoflurane vaporizer (Draeger Medical), and the birds lost consciousness
approximately 2-4 minutes later. Oxygen flow was set to 0.5 L/min throughout surgery.
Isoflurane was initially set to 4% and gradually decreased. Breathing was closely observed, and
isoflurane concentration was set accordingly.

The birds were placed on the surgical bench on their backs and the feathers were sprayed
with 70% ethanol. At the experimental area the feathers were removed, and the edges of the
area were taped down with autoclave tape to keep the surgical area free from feathers and dust.
The surgical area was disinfected with chlorhexidine. The skin was cut on the left side, caudal
of the rib cage, and opened by a small cut. The blunt ends of scissors were used to open a
sufficient hole. Subcutaneous fat was cut with blunt cuts, and muscle walls were cut either by
blunt cuts or by cutting a small hole that was widened by blunt cuts. The opening was kept to a
minimum. The cavity and the iButton were wetted with 0.9% sterile saline, and the iButton was
inserted into the abdominal cavity. The abdominal cavity was closed by suturing the muscles
with 2-3 stitches with wax coated braided silk 2-0 (Syneture), and the skin was sutured with 5-
6 stitches. Finally, the wound was rinsed with chlorhexidine. The procedure lasted for 20-30
minutes per bird.

After surgery, the birds were injected subcutaneously with 0.2 mg/kg body mass meloxicam
(diluted 1:10 with 0.9% sterile saline). They received 4-6 drops of 1.5 mg/ml meloxicam in
their drinking water (250 — 300 ml) as well as Bistorta vivipara and Vaccinium vitis-idaea as
supplements to their normal food. After one week the birds were checked for inflammation and

infections (all birds were well).
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2.4 Circadian light experiment

Birds were kept in 12 hours of light and 12 hours of dark (LD 12:12) for 16 days prior to the
start of the experiment. Light was provided by 85-watt fluorescent strip lights (L 58W 830
Lumilux, Osram) delivering approximately 1000 Ix at floor level, and permanent dim red light
was provided by Northlight red light bulbs, 15 Im (Clas Ohlson) to allow husbandry in the dark.
The experiment started on the 25" of September 2020. For the first 10 days of the experiment
the birds stayed in LD 12:12, then light was changed to DD. After 20 days in DD, light was
changed back to LD 12:12, and 20 days later to LL. The birds stayed in LL for 21 days, then
the light in room 1 was set to LD 12:12, birds in room 2 and room 6 stayed in LL. During the
experiment locomotor activity and feeding activity of the birds was constantly recorded using
home-built passive infrared activity recorders. Data (passive infrared activity counts per
minute) was collected using an Actimetrics CL200 USB interface coupled to a computer with
the ClockLab data acquisition software version 2.61 (Actimetrics). Body temperature (Ty) was
sampled by the iButtons every 30 minutes throughout the experiment. At the end of the
experiment the iButtons were recovered and read with the software program OneWireViewer
(Maxim Integrated, Version 0.3.19.47). One iButton was installed in each room to measure the

ambient temperature (Ta).

2.5 Cell cultures

Work with cell cultures was performed under a laminar flow hood (Thermo Scientific) to
keep cells free from contamination. The following cells were cultured and used in experiments:
Svalbard ptarmigan skin fibroblast cultures established by Dr Alexander West following the
protocol of skin biopsy processing (Du and Brown, 2021), rat-1 cells stably transfected with a
Per1 luciferase reporter (a kind gift from Prof Qing Jun Meng) and human U20S cells (ATCC®
HTB-96™). Vials with cells stored in a liquid nitrogen tank (Thermolyne) were thawed in a
37 °C water bath (Julabo), cells were suspended in cell culture media (Dulbecco’'s Modified
Eagle's Medium (DMEM) supplied with 20% Fetal Bovine Serum (FBS) and
penicillin/streptomycin) and centrifuged for five minutes at 3000 rpm in a SL 40 Centrifuge
(Thermo Scientific). Cell pellets were resuspended in cell culture media and transferred to T75
cell culture flasks (Thermo Scientific). Cell culture flasks used for ptarmigan fibroblasts were
coated with a 1:10 gelatin solution in Dulbecco's Phosphate Buffered Saline (PBS). Cultures
were maintained at 37 °C (5% CO>) in a Culture Safe Touch 190 CO: Incubator (Leec),

provided with new cell culture media when required and split when confluent.
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2.6 Transfections and bioluminescence recording

2.6.1 Cloning plasmids for transfections

To prepare the agar plates 25 g LB agar and 1 | ultra-pure water were added to a glass bottle
(VWR) and autoclaved (CertoClav Sterilizer). The agar was heated in a microwave (Panasonic)
until boiling and cooled down for ~ 60 minutes. 2 ml ampicillin were added to the agar (final
concentration: 100 pg/ml), and the agar containing ampicillin was then pipetted to 9-cm petri
dishes (VWR) and cooled down to room temperature.

Bacteria containing the plasmids AAV-P(Cryl)-forward-intron336-Venus-NLS-D2, pGL3
basic E2 and pLV6-Bmal-luc were spread on separate agar plates containing ampicillin, using
sterile 10 pl pipette tips (VWR). Plates were sealed with parafilm and maintained at 37 °C
overnight. The next morning 2 ml LB broth containing ampicillin (100 pg/ml) were added to
each of three 50 ml falcon tubes. A single bacterial colony was picked from each agar plate
using sterile 10 pl pipette tips and transferred to the individual falcon tubes. The lids were left
one quarter open to allow aeration. Falcon tubes were placed with a 45° angle in a shanking
incubator (Stuart) for approximately six hours. Next to a lit Bunsen burner (Usbeck), 50 ml LB
broth and 100 pl LB broth containing bacteria from the falcon tubes were added to each of three
Erlenmeyer flasks and left in the shaking incubator overnight. The next day 50 ml from each
Erlenmeyer flask were transferred to an individual 50 ml falcon tube. The falcon tubes were
centrifuged at 1000 rpm for 30 minutes. Plasmids were extracted using a QIAGEN® Plasmid
Midi Kit following the manufacturer’s instructions, and DNA concentrations were measured

using Nanodrop 2000c (Thermo Scientific).

2.6.2 Optimizing transfection reactions
2.6.2.1 Preparing cell culture plates with microscope coverslips

1 ml 70% ethanol was added to each well on two 12-well cell culture plates (Falcon) and
one microscope coverslip was placed in the ethanol in each well and left at room temperature
for 15 minutes. The ethanol was discarded and the wells with the coverslips were washed with
ultra-pure water. 500 pl Poly-L-lysine solution were added to each well and left at room
temperature for five minutes. Then the Poly-L-lysine solution was discarded, the wells were

washed with ultra-pure water and plates were left to dry at 37 °C.
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2.6.2.2 Testing different transfection reagents and concentrations

A few hours later ~ 10° cells were seeded to each well (rat-1 cells to one plate and ptarmigan
fibroblasts to the second plate) and left at 37 °C (5% CO3) until the next day. For transfections,
a Lipofectamine™ 3000 Transfection Kit and a ViaFect™ Transfection Reagent were used
following the manufacturer’s transfection optimizing protocols. pYEFP-Mito was used as
DNA. After ~ 24 hours the media with the reagents was discarded and replaced with normal
cell culture media.

Before mounting the microscope slides, coverslips in the wells were washed with PBS three
times and left to dry at room temperature for five minutes. The coverslips were taken out of the
wells with tweezers and mounted on microscope slides (Thermo Scientific) with Fluoroshield™
with DAPI. Slides were wrapped in aluminium foil and stored at 4 °C. The brightfield
microscope Axio Observer 7 (Zeiss) was used to visualize the cells and determine the
transfection efficiency.

Due to unsatisfactory transfection results two more transfection reagents were tested.
Approximately 30 000 ptarmigan fibroblasts were seeded to each well on four p-slides 8 Well
(ibidi) and maintained at 37 °C (5% CO>). Transfections were carried out two days later using
a TransIT®-LT1 Transfection Reagent and a METAFECTENE® PRO transfection reagent at
different concentrations as shown in Figure 10. The transfection reagent and DNA (Actin-
GFP), together with DMEM (without supplies), made up 50 pl that were added to each well
containing 150 pl cell culture media (50 ul + 150 ul). Cells were visualized and images were

taken with the live cell imaging system Celldiscoverer 7 (Zeiss).
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TransIT®-LT1 TR - gelatin coated METAFECTENE® PRO - gelatin coated

150 ng 150 ng
300 ng 300 ng
05ul 10 15u 2.0yl 05ul 10 15u 2.0yl
TransIT®-LT1 TR METAFECTENE® PRO
150 ng 150 ng
300 ng 300 ng
05ul 10 15u 20yl 05ul 10 15u 2.0l

Figure 10 Scheme of the four p-slides 8 Well used to test the transfections. TransIT®-LT1 Transfection Reagent and
METAFECTENE® PRO were used as transfection reagents (TR). Four different TR concentrations (0.5 pl, 1.0 pl, 1.5 pl and
2.0 ul), and two different DNA concentrations (150 ng and 300 ng) were tested (DNA: Actin-GFP). Cells were grown on slides
coated with gelatin solution as well as slides without a gelatin coat.

Cells were growing well in wells with and without a gelatin coat, and a combination of 2 pl
TransIT®-LT1 Transfection Reagent and 200 ng DNA (in a 200 pl volume) was decided to be

the best way to carry out transfections in future experiments.

2.6.3 Bioluminescence recording

The recording medium was made following the recording medium protocol (Yamazaki and
Takahashi, 2005). Approximately 10° U20S cells were seeded in each of 10 35-mm cell culture
dishes (Falcon) and maintained at 37 °C (5% COz) until the next day. Cells in five dishes were
transfected with the Per2 luciferase promoter reporter pGL3 basic E2, and cells in the other
five dishes were transfected with the Bmall luciferase promotor reporter pLV6-Bmal-luc,
following the protocol that worked best when testing the transfections. Transfected cells were
maintained at 37 °C (5% CO>) for ~ 24 hours, then they were treated with DMEM supplied
with 50% FBS for one hour. Subsequently, cells were washed with PBS and 3 ml recording
medium were added to each dish. Dishes were air-sealed with parafilm and put into a photon
detection unit (LM-2400, Hamamatsu) kept at 37 °C. Photons were counted for one minute
every 15 minutes. After five days the temperatures in the incubator where the photon detection
unit was kept were set to cycle between 36 °C and 39 °C for five days, each cycle lasting 24
hours. Temperatures were recorded by an iButton. The same procedures were repeated for
ptarmigan fibroblasts, with temperatures cycling between 39 °C and 42 °C (around the average
temperature obtained from recovered iButtons from the in vivo experiment = ~ 40.5 °C).
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2.7 Cloning

Primer pairs for the clock genes Bmall, Clock, Per2, Per3, Cryl, Cry2, and the reference

gene Ppib were cloned and sequence validated to test their target specificity.

2.7.1 QgPCR

To amplify the primers, 10 ul GoTag® qPCR Master Mix, 1 pl forward primer, 1 pl reverse
primer 7 pl Nuclease-Free Water, and 1 pl cDNA (sample from ptarmigan fibroblasts) were
added to each PCR tube (Hard-Shell PCR Plates 96-well, Bio-Rad) and gPCR reactions were
carried out with a CFX Connect Real-Time PCR System (Bio-Rad) as shown in Table 9 for all

of the seven genes (primer efficiency > 90%).

Table 9 Program used for qPCR reactions

Temperature ( °C) |Duration |Cycles
95 2 min 1
95 15 sec
57 15 sec 39
60 1 min
2.7.2 Ligation

For ligation, a Zero Blunt® TOPO® PCR Cloning Kit was used. 4 ul PCR product, 1 pl salt
solution and 1 pl of the vector pCR Blunt Il TOPO were added to each of seven tubes on a PCR
8-tube strip (one tube for each primer pair). The tubes were left at room temperature for five

minutes and then placed on ice.

2.7.3 Transformation

Transformations were carried out using an antiseptic technique next to a lit Bunsen burner.
25 pl 5-alpha competent E. coli and 1 pl of plasmid DNA from ligations were added to each of
seven 1.5 ml Eppendorf tubes. The tubes were placed on ice for 30 minutes, exposed to a heat
shock at 42 °C for 30 seconds to facilitate entry of the plasmid DNA to the bacteria, and placed
back on ice for five minutes. 950 pul SOC Outgrowth Medium were added to each tube, then
the tubes were placed in the shaking incubator at 37 °C and 250 rpm for 60 minutes.

100 ul bacterial solution from each tube were dispersed on separate agar plates using a sterile
glass spreader. Plates were incubated at 37 °C overnight, and the next morning they were sealed

with parafilm and stored at -4 °C.
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2.7.4 Plasmid growth and extractions

2 ml LB broth containing ampicillin (100 pg/ml) were added to each of seven 15 ml falcon
tubes next to a lit Bunsen burner. Then, using a sterile 10 pl pipette tip, two colonies were
picked from each plate and transferred to the individual falcon tubes. The falcon tubes were left
in the shaking incubator overnight with the lids a quarter open to allow air into the tubes.
Plasmid DNA was extracted using a QIAprep® Spin Miniprep Kit following the

manufacturer’s instructions. DNA concentration was measured using Nanodrop 2000c.

2.7.5 Big Dye sequencing reaction

For Big Dye PCR reactions, a BigDye™ Terminator v3.1 Cycle Sequencing Kit was used.
0.5 ul 10 pmol/ml M13 forward primer, 0.5 ul Big Dye, 3 pl 5x sequence buffer, 15 pl
Nuclease-Free Water and 100 ng DNA from plasmid extractions were added to each tube on a
PCR 8-tube strip. Tubes were placed in the Mastercycler Gradient and the program was set as
shown in Table 10. Sequencing products were sent to the in-house sequencing facility, where
capillary electrophoresis was performed by a 3130xI Genetic Analyzer (Applied Biosystems),
and the data was sent back. ApE (Version 2.0.61, 2020) was used to find the cloning site, and

target sequence and cloning site were aligned using Clustral Omega (EMBL-EBI).

Table 10 Parameters used in Big Dye sequencing reactions

Temperature ( °C) |Duration |Cycles
96 5 min 1

96 10 sec

50 5 sec 40

60 4 min

26



2.8 Fibroblast stimulation experiments

Approximately 10° cells (ptarmigan fibroblasts) were seeded in each of four wells on six 6-
well cell culture plates (Thermo Scientific) and maintained at 37 °C (5% CO3) for three days.
On the 3" day, the cells on each plate received a different treatment. Plate 1 was left untreated
as a negative control. 2 pl 100 nM dexamethasone were added to each of the four wells on plate
2, 2 pl 10 uM forskolin were added to each of the four wells on plate 3, 2 pl of a 1:1000
dimethyl sulfoxide (DMSO) dilution were added to each of the four wells on plate 4 as a control
for dexamethasone and forskolin and 2 pl 100 pg/ml melatonin (a physiological concentration
in Svalbard ptarmigan (Reierth et al., 1999)) were added to each of the four wells on plate 5.
On plate 6 the cell culture media was replaced with cell culture media supplied with 50% FBS.
All plates were maintained at 37 °C (5% CO3) for one hour, then the reagents were discarded,
plates were washed with PBS, sealed with parafilm, snap-frozen on dry ice and stored at -80
°C.

2.8.1 RNA extractions, cDNA conversion and gPCR

RNA was extracted from the stimulated ptarmigan fibroblasts using QlAshredders and a
RNeasy® Mini Kit following the manufacturer’s instructions. RNA concentrations were

measured using Nanodrop 2000c.

For cDNA conversion, 10 pl buffer and 1 pl enzyme from a High Capacity RNA-to-cDNA
Kit and 9 ul RNA sample (with a 100 ng/ul concentration) were added to each tube (PCR 8-
tube strips, VWR). Tubes were placed in a Mastercycler Gradient (Eppendorf) and the
temperature was set to 37 °C for one hour, 95 °C for five minutes and then cooled down to 4
°C.

Prior to qPCR reactions cDNA was normalized to a concentration of 10 ng/pl. Primers for

the clock genes Clock, Bmall, Cryl, Cry2, Per2, Per3, and for the reference gene Ppib were
used in qPCR reactions. 10 pul GoTag® gPCR Master Mix, 1 ul forward primer, 1 pl reverse

primer, 7 pl Nuclease-Free Water and 1 il cDNA were added to each PCR tube. gPCR reactions
were carried out as shown in Table 11, Table 12 and Table 13.
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Table 11 gPCR program for the genes Clock and Ppib

Temperature ( °C)|Duration |Cycles
95 2 min 1

95 15 sec

54 15 sec 39

60 1 min

Table 13 qPCR program for the genes Cry2, Per2 and Per3

Temperature ( °C)|Duration |Cycles
95 2 min 1

95 15 sec

57 15 sec 39

60 1 min

Table 12 gPCR program for the genes Bmall and Cryl

Temperature ( °C) |Duration |Cycles
95 2 min 1

95 15 sec

60 1 min 39

2.9 Circadian stimulation experiment

Approximately 10° cells (ptarmigan skin fibroblasts) were seeded in each of four wells on

19 6-well cell culture plates and maintained at 37 °C (5% CO) for three days. From day three,

cells on the plates were treated with cell culture media supplied with 50% FBS to stimulate

their clocks. After one hour the media supplied with 50% FBS was replaced with normal cell

culture media. Stimulations started on a Tuesday at 9 a.m. with plate 19, and subsequently cells

on plates were stimulated down to plate 1 as shown in Table 14. Plates were collected as shown

in Table 15. In this way, cells were stimulated in advance and collected over an eight-hour

period rather than every four hours for 72 hours. For collections, cell culture media was

discarded, cells were washed with PBS, plates were sealed with parafilm, snap-frozen on dry

ice and stored at -80 °C. RNA was extracted, converted to cDNA, and gPCR reactions were

performed as described above.

Table 14 Day and time of stimulations for each plate

Day and time of synchronizatons Plates (hours before collection)
Tuesdy, 9 a.m. 19 (72 h)

Tuesday, 6 p.m. 16 (60 h) 17 (64 h) 18 (68 h)
Wednesday, 9 a.m. 13 (48 h) 14 (52 h) 15 (56 h)
Wednesdy, 6 p.m. 10 (36 h) 11 (40 h) 12 (44 h)
Thursday, 9 a.m. 7 (24 h) 8 (28 h) 9(32h)
Thursday, 6 p.m. 4 (12 h) 5(16 h) 6 (20 h)
Friday 9, a.m. 1(0h) 2(4h) 3(8h)
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Table 15 Day and time of collection for each plate

Day and time of collections Plates

Friday, 7 a.m. 4 10 16

Friday, 10 a.m. 1 7 13 19
Friday, 11 a.m. 5 11 17

Friday, 2 p.m. 2 8 14

Friday, 3 p.m. 6 12 18

Friday, 6 p.m. 3 9 15

2.10 Circadian temperature cycling experiment

Approximately 10° cells (ptarmigan fibroblasts) were seeded to 12 6-well cell culture plates
and maintained at 37 °C (5% COz) until they were confluent. Before the start of the experiment
the cell culture media in each well was replaced with 4 ml fresh cell culture media. Cells were
maintained at temperatures cycling between 36.5 °C and 39.5 °C for four cycles (each cycle
lasting 24 hours) and subsequently maintained at 39.5 °C. One cell culture plate with cells was
collected every four hours starting at 36.5 °C of the last temperature cycle as shown in Figure
11. For collections, cell culture media was discarded, cells were washed with PBS, plates were

sealed with parafilm, snap-frozen on dry ice and stored at -80 °C. RNA was extracted, converted
to cDNA, and qPCR reactions were performed as described above.
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Figure 11 Cycling temperatures in the incubator. Ptarmigan fibroblasts were kept at temperatures cycling between 36.5 °C
and 39.5 °C and subsequently maintained at 39.5 °C. Collections were performed every four hours starting at T1.
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2.11 Data analysis

Raw data was handled using Microsoft Excel (2016). All graphs and statistical analyses were
made with the software GraphPad Prism 9.0.0 except for actograms which were made using the
Fiji (Rueden etal., 2017, Schindelin et al., 2012) plugin ActogramJ (Schmid et al., 2011), and
JTK_Cycle (Hughes et al., 2010) and RStudio 1.4.1106 were used to identify rhythms in gene

expression.

2.11.1 Periods for activity and body temperature oscillations

Activity data was normalized against its 99 percentiles for each bird. Locomotor activity,
feeding activity and Ty were illustrated as actograms using ActogramJ. For activity data the
minimum value was set to 0 and the maximum value to 1 (O = no activity; 1 = 99 percentile
value). For Ty data the minimum value was set to 39 and the maximum value to 42. The chosen
values are defined by Ty taken from recovered iButtons from the in vivo experiment. Periods of
locomotor activity, feeding activity and Ty were calculated with ActogramJ and the Lomb-
Scargle periodogram (Scargle, 1982, Lomb, 1976) and data was exported to GraphPad Prism
9.0.0 for illustration.

2.11.2 Persistence of Tb under constant conditions and anticipation of light change

Ty data from each bird was normalized against its mean and illustrated by diagrams, and a
nonlinear regression was drawn as a damped sine wave. A paired t test was performed to test
for differences between half-lives of damped sine waves under DD and LL. T, mean of five
hours before lights changed from lights-on to lights-off was divided by the T, mean of the entire
period of 24 hours to subtract the baseline and data was defined as pre-dawn Ty, index. This was
done for the day before the lights changed from DD to LD as well as for the entire period under
LD for each bird. The same calculations were done for the three birds that were transferred
from LL to LD (for the last day under LL and the entire period under LD). Repeated measures
one-way ANOVA and a subsequent Dunnett’s multiple comparisons test, where the values
from the last day under LD were used as a control group, were performed to test for differences
in anticipation of light onset between the days.
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2.11.3 Ultradian rhythms

Periods of the highest ultradian peaks were calculated in Microsoft Excel (2016) and
illustrated using GraphPad Prism 9.0.0. One-way ANOVA and a subsequent Turkey’s multiple
comparisons test were performed to test for differences between light treatments.

2.11.4 Bioluminescence recording data

A 24-hour moving average was subtracted from the data, and data was visualized in
GraphPad Prism 9.0.0. For temperature cycling data the centre of gravity of circadian
oscillations for the last 24 hours of recordings was calculated using CircWave 1.4 and compared
between the genes to calculate the phase relationship.

2.11.5 gPCR data

Analysis of gPCR data was performed in Microsoft Excel (2016). The delta cycle threshold

values (ACt) were calculated for each gene using Equation 1.

Equation 1

ACt = Ct gene of interest — Ct reference gene

AACt was calculated using Equation 2.

Equation 2

AACt = ACt — control mean

Since the calculations were in logarithm base 2, the value of 244" was calculated to get the

expression fold change. Graphs were made using GraphPad Prism 9.0.0.
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3 Results

3.1 Circadian light experiment

This experiment was designed to characterize activity and body temperature in Svalbard
ptarmigan after a transfer from a rhythmic light-dark environment to constant light conditions,
and after a transfer from constant light conditions back to a rhythmic light-dark environment.
Birds were kept under LD for 10 days, DD for 20 days, LD again for 20 days, LL for 21 days,
then three birds were transferred back to LD for 13 days (Figure 12) while the other birds
stayed under LL (Figure 13). Throughout the experiment locomotor and feeding activity were
constantly recorded (passive infrared activity counts per minute) and Ty was measured every
30 minutes by temperature loggers implanted into the abdominal cavity. For the analysis, the
experiment was divided into segments of 10 days (20 days for the second time under LD and

13 days for the last segment) and Lomb-Scargle periodograms were calculated for each
segment.

N
B

Hours of dark

10 20 30 40 50 60 70 80
Experimental days

Figure 12 Schematic of light conditions for birds in room 1 throughout the experiment. Grey shading indicates lights off, white
background indicates lights on.
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B

Hours of dark
]

10 20 30 40 50 60 70 80
Experimental days

Figure 13 Schematic of light conditions for birds in room 2 and room 6 throughout the experiment. Grey shading indicates
lights off, white background indicates lights on.
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3.1.1 Rhythmicity under light-dark cycles

Results for a representative male bird (ID: 269-98) for locomotor activity, feeding activity
and Ty are shown in Figure 14, Figure 15 and Figure 16. In the presence of an external light-
dark cycle all birds showed a clear daily rhythm in activity and Ty, with concentrated feeding
bouts in the morning and evening (Figure 14, Figure 15 and Figure 16a,d,g). The
periodograms revealed a main period of 24 hours (P < 0.05). All other experimental birds also
showed significant periods of 24 hours (Appendix A, B and C). These observations were

consistent between all LD periods throughout the experimental design.

3.1.2 Rhythmicity after transfer to constant darkness

After a transfer from LD to DD, a circadian component crossed the threshold for significance
(P < 0.05) in all birds for locomotor activity and four birds for feeding activity. The circadian
component for locomotor and feeding activity was much weaker under constant conditions than
under LD. A prevalent and statistically significant (P < 0.05) circadian component in Ty was
present during the first 10 days under DD (Figure 16b), however, during the second part under
DD (Figure 16c) the circadian rhythm disappeared in five birds. Ty rhythms were much more

consistent than activity rhythms (Figure 14, Figure 15 and Figure 16).

3.1.3 Rhythmicity after transfer to constant light

The observations made for birds under LL were similar to those under DD. A circadian
component crossed the threshold for significance in all birds for locomotor activity and five
birds for feeding activity, but it was much weaker under LL than in a rhythmic light-dark
environment. Periodograms also revealed a statistically significant (P < 0.05) circadian
component in Ty in all birds during the first 10 days under LL (Figure 16e) that disappeared in
five birds during the second part under LL (Figure 16f). Birds were more active under LL than
under DD, especially during the last part, which is also reflected in higher Ty, (Figure 14, Figure
15 and Figure 16).
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3.1.4 Persistence of Th under constant conditions

As discussed in sections 1.1.2 and 1.1.3, Ty rhythms dampened after several days under constant
conditions. To quantify how long a rhythm in Ty amplitude persists after a transfer from a
rhythmic light-dark environment to constant light conditions, T, amplitude under DD and LL
was plotted, and a nonlinear regression was drawn as a dampened sine wave. Results for the
representative bird, as well as the half-lives of the dampened sine waves of all seven
experimental birds are shown in Figure 17 (see Appendix D for all birds). A paired t test

showed that half-lives were significantly shorter under LL compared to DD (P < 0.005).

3.1.5 Anticipation of light change

Rising body temperature anticipates dawn in LD entrained ptarmigan indicating the
involvement of an entrained circadian oscillator (Appenroth et al., 2021a). To examine the rate
of re-entrainment of the Ty, cycle to LD following exposure to constant conditions, Tyamplitude
after the light was changed from DD to LD and from LL to LD was plotted (Figure 18,
Appendix E). One-way repeated measures ANOVA and a subsequent Dunnett’s multiple
comparisons test showed that the first four days under LD were significantly different (P <
0.05) to the last day under LD after the light changed from DD to LD. The transition period
from LL to LD did not pass a one-way ANOVA (P > 0.05).

3.1.6 Ultradian rhythmicity

A significant ultradian component in locomotor and feeding activity was present throughout
the entire experiment. To test if the frequency of the ultradian components changed under
different lighting conditions we further analyzed feeding activity by comparison of ultradian
periods between all seven experimental birds (Figure 19). One-way ANOVA and a subsequent
Turkey’s multiple comparisons test revealed a significant difference (P < 0.05) between
ultradian periods under the second LD treatment to ultradian periods under constant conditions.
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Figure 17 (a-b) Tb amplitude of a representative male bird (ID: 269-98) for 10 days. (a) Last day under LD and following nine
days under DD, and (b) last day under LD and following nine days under LL. Vertical dotted lines separate days, white
background = lights on, grey background = lights off. A nonlinear regression was drawn as a dampened sine wave (red), vertical
red line = half-life of dampened sine wave. (c) Half-lives of dampened sine waves of all seven birds under DD and LL. A
paired t test revealed a significant difference between DD and LL (P < 0.005, indicated by asterisks).
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Figure 18 (a-b) Tw amplitude of a representative male bird (ID: 269-98) for 10 days. (&) Transition from DD to LD and (b)
transition from LL to LD. Vertical dotted lines separate 12 hours. White background = lights on, grey background = lights off.
(c) Pre-dawn Ty index indicating anticipation of light change, calculated for the last day under DD and all following days under
LD for all seven birds (mean + SEM). One-way ANOVA and a subsequent Dunnett’s multiple comparisons test revealed a
significant difference (P < 0.05) in anticipation of light change between the first four days and the last day. (d) Pre-dawn Ty
index for the last day under LL and all following days under LD for the three birds that were transferred back to LD (mean +
SEM). Data did not pass a one-way ANOVA (P > 0.05). Pre-dawn Ty index = Tn mean for five hours before the lights changed
divided by the Ty mean of the entire period (=24 h).

38



400+ *
300 {
7]
E
2 200+ ]
=
100

LD DD DD2 LD LL LL2

Figure 19 Comparison between ultradian periods for feeding activity for all seven experimental birds. Data is presented as the
mean + SD of seven periods (seven birds) for each light treatment. One-way ANOVA and a subsequent Turkey’s multiple
comparisons test revealed a significant difference (P < 0.05) between ultradian periods under the second LD treatment to
ultradian periods under constant conditions, indicated by the asterisk.

3.2 Cell culture work

The in vitro experiments were designed to get insight into the dynamics of a molecular clock
in Svalbard ptarmigan. Fibroblast cells show robust circadian rhythms in clock gene
transcription in laboratory rodents (Balsalobre et al., 2000a, Welsh et al., 2004) and were

therefore chosen as a model to study the molecular clock in ptarmigan.

3.2.1 Transfections and bioluminescence recording

U20S cells exhibit robust circadian rhythms in clock gene transcription (Baggs et al., 2009,
Zhang et al., 2009) and were therefore chosen as a positive control for the protocol. Svalbard
ptarmigan skin fibroblasts and U20S cells were transfected with Per2 and Bmall luciferase
promoter reporters and real-time bioluminescence was recorded to examine the characteristics
of a molecular clock in Svalbard ptarmigan. We first tested transfection efficiency using
PYEFP-Mito and Actin-GFP reporter plasmids. A combination of 2 pl TransIT®-LT1
Transfection Reagent and 200 ng DNA (in a 200 ul volume) lead to sufficient transfection
results to carry on with subsequent experiments (Figure 20). We first tested our protocol by
transfecting rhythmic U20S cells with Per2 and Bmall luciferase promoter reporters (Figure

21a, Appendix F). Cells were synchronized with 50% FBS for one hour, and real-time light
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emission (bioluminescence) was measured for several days. Quantification of the reporter
luminescence revealed oscillations with an average period of 21.25 + 1.02 hours in Per2 and
Bmall transcription in U20S cells and data was smooth (Figure 21a,c). As expected,
oscillations of these two genes were in antiphase to each other (11.08 hours difference between
phases) (Figure 21e).

The same procedure was performed for ptarmigan fibroblasts to test for a rhythm in clock
gene transcription in these cells (Figure 21b,d, Appendix G). Transfection efficiency was high,
as judged by strong luciferase signals. Circadian oscillations were observed in Per2 and Bmall
transcription with an average period of 22.28 + 1.47 hours in ptarmigan fibroblasts, but data
was rather jagged and oscillations did not dampen (Figure 21b,d). The oscillations of the two

genes were almost in phase (0.04 hours difference between phases) (Figure 21e).

Figure 20 Transfected cells as a result from transfection optimizations (a) U20S cells transiently transfected with pY EFP-
Mito and (b) Ptarmigan fibroblasts transiently transfected with Actin-GFP.
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Figure 21 Molecular rhythms in U20S cells and ptarmigan fibroblasts. U20S cells and ptarmigan fibroblasts were transiently
transfected with Per2 and Bmall luciferase reporters. Cells were synchronized with 50% FBS for one hour, then
bioluminescence was recorded (photon counts per minute, one minute was measured every 15 minutes). (a) U20S cells
(baseline subtracted data), x = 0 = 12 hours after start of recording. (b) Ptarmigan fibroblasts (baseline subtracted data), x = 0
= 12 hours after start of recording. (c) Per2 and Bmall periods in U20S cells. (d) Per2 and Bmall periods in ptarmigan
fibroblasts. (e) Phase relationship between Per2 and Bmall in U20S cells and ptarmigan fibroblasts. y = relative phase in hours
starting from 12 hours after start of recording. The mean difference between Per2 and Bmall phases in U20S cells was 11.08
hours compared to 0.04 hours in ptarmigan fibroblasts. Data is presented as the mean of replicates. Unpaired t tests were
performed to test for differences between periods and differences between phases. Ns = not significant, **** = P < 0.0001.

3.2.2 Sequence validation of primers

Per2 and Bmall luciferase reporters are mouse promotor reporters and may not reflect the
activity of ptarmigan clock gene promoters. Therefore, an experiment using gPCRs was
designed, as gPCRs are sensitive and highly specific to the genes of interest. To test the target
specificity of the qPCR primers, primer pairs for the clock genes Bmall, Clock, Per2, Per3,
Cryl, Cry2, and the reference gene Ppib were cloned and sequence validated (Figure 22 - 28).
The identity percentage between the PCR product and the ptarmigan genome was 100% for all
genes, except for Per3 with an identity percentage of 99.08%.
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Bmal1

L.muta hyperborea_cloned

L.muta hyperborea_genome

L.muta hyperborea_cloned

L.muta hyperborea_genome

Identity percentage: 100%
Figure 22 Identity percentage between the PCR product and the Svalbard ptarmigan genome in the clock gene Bmall.
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Figure 23 Identity percentage between the PCR product and the Svalbard ptarmigan genome in the clock gene Clock.
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Figure 24 Identity percentage between the PCR product and the Svalbard ptarmigan genome in the clock gene Per2.
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Figure 25 Identity percentage between the PCR product and the Svalbard ptarmigan genome in the clock gene Per3.

42



Cryl
L.muta hyperborea_cloned

L.muta hyperborea_genome

L.muta hyperborea_cloned

L.muta hyperborea_genome

L.muta hyperborea_cloned

L.muta hyperborea_genome

Identity percentage: 100%

CGTTTGTTTGTTATTCGTGGACAGCCAGCAGATGTTTTCCCCAGGCTTTTTAAGGAATGG 60

CGTTTGTTTGTTATTCGTGGACAGCCAGCAGATGTTTTCCCCAGGCTTTTTAAGGAATGG 60

3k 3k 3k 3k 5k 3k 3k 3k 3k >k 3k 3k 3k 3k %k >k >k 5k 3k 3k %k %k >k 5k >k 5k 3k >k %k %k >k >k >k %k %k >k >k >k >k 3k %k %k >k >k 5k 3k %k %k %k >k >k 5k >k %k %k %k %k >k >k k

AGCATTGCAAAACTCTCTATTGAATATGATTCTGAGCCATTTGGGAAGGAGAGAGATGCA 120
AGCATTGCAAAACTCTCTATTGAATATGATTCTGAGCCATTTGGGAAGGAGAGAGATGCA 120

3k 3k 3k 3k 3k 3k %k 3k 3k ok 3k ok 3k 3k %k >k >k 5k 3k 3k %k %k >k 5k >k 5k 3k >k %k >k >k >k >k %k %k >k >k >k >k 3k %k %k >k >k >k 3k %k %k %k >k >k 5k >k %k %k %k %k >k >k k

GCAATTAAGAAGCTGGCTA 139
GCAATTAAGAAGCTGGCTA 139

3k 3k 3k 3k 5k 3k %k 3k %k >k >k %k %k %k %k >k %k 5k k

Figure 26 Identity percentage between the PCR product and the Svalbard ptarmigan genome in the clock gene Cry1l.
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Figure 27 Identity percentage between the PCR product and the Svalbard ptarmigan genome in the clock gene Cry2.
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Identity percentage: 100%
Figure 28 Identity percentage between the PCR product and the Svalbard ptarmigan genome in the reference gene Ppib.



3.2.3 Fibroblast stimulation experiment

Mammalian circadian clock gene expression can be synchronized in cultured cells by various
signaling molecules (Balsalobre et al., 2000a, Balsalobre et al., 2000b). To test whether
ptarmigan fibroblast clocks can be stimulated in vitro, ptarmigan fibroblasts were treated for
one hour with different reagents: 50% FBS, dexamethasone, forskolin and melatonin. RNA was
extracted from cells, converted to cDNA and gPCRs were performed (Figure 29 and Figure
30). Significant differences were found between serum and its untreated control for the clock
gene Per2 (P < 0.001). Dexamethasone and forskolin revealed significant differences to their
control (treated with DMSO) for the genes Clock (P < 0.05), Per2 (P < 0.01 for dexamethasone
and P < 0.05 for forskolin), Per3 (P < 0.05) and for dexamethasone Bmall(P < 0.05).
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Figure 29 Relative expression of clock genes. Ptarmigan fibroblasts were stimulated for one hour with different reagents:
50% FBS and melatonin. RNA was extracted from cells, converted to cDNA and gPCRs were performed for each clock gene.
Data was processed as described in the “Materials and methods” section and is presented as the mean of four replicates for
each treatment. One way ANOVA and a subsequent Dunnett’s multiple comparisons test were performed to test for
differences between the treatments and an untreated control. * = P < 0.05, ** = P < 0.01
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Figure 30 Relative expression of clock genes. Ptarmigan fibroblasts were stimulated for one hour with different reagents:
dexamethasone and forskolin. RNA was extracted from cells, converted to cDNA and gPCRs were performed for each clock
gene. Data was processed as described in the “Materials and methods” section and is presented as the mean of four replicates
for each treatment. One way ANOVA and a subsequent Dunnett’s multiple comparisons test were performed to test for
differences between the treatments and a control treated with dimethyl sulfoxide (DMSO). * = P <0.05, ** = P <0.01

3.2.4 Circadian stimulation experiment

Having established that a serum shock stimulated ptarmigan Per2 expression we tested for
a rhythmic clock gene expression in ptarmigan skin fibroblasts. Ptarmigan fibroblasts were
stimulated with 50% FBS for one hour, and cells were subsequently collected every four hours
for 72 hours. RNA was extracted from cells, converted to cDNA and qPCRs were performed
for the clock genes Bmall, Clock, Per2, Per3, Cryl, Cry2 and the reference gene Ppib. Relative
expression of clock genes is shown in Figure 31. Strikingly, none of the genes showed a clear

rhythm in expression and none of the genes passed a one-way ANOVA (P > 0.05).
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Figure 31 Relative expression of the clock genes Bmall, Clock, Per2, Per3, Cryl and Cry2 over 72 hours. Ptarmigan fibroblasts
were treated with 50% FBS for one hour and subsequently collected every four hours. RNA was extracted, converted to cDNA
and gPCRs were performed for each clock gene. Data was processed as described in the “Materials and methods” section and
is presented as the mean of four replicates for each time point. None of the genes passed a one-way ANOVA.

3.2.5 Circadian temperature cycling experiments

It has been shown that circadian gene expression can be synchronized by simulated body
temperature cycles with daily differences of 3 °C and 1 °C in mice and human fibroblast
cultures (Saini et al., 2012). We first transfected rhythmic U20S cells with Per2 and Bmall
luciferase reporters and kept them at temperatures cycling between 36 °C and 39 °C, while real-
time bioluminescence was recorded for several cycles. To test whether cultured ptarmigan
fibroblasts can be stimulated by simulated body temperature cycles, the same procedure was

performed for ptarmigan fibroblasts at temperatures cycling between 39 °C and 42 °C (average
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body temperature taken from experimental birds = 40.5 °C). Each temperature cycle lasted for
24 hours.

U20S data was messy and luciferase signals were rather weak (Figure 32a, Appendix H).
Per2 transcription showed damped oscillations and transcription was high when temperatures
were high, and Bmall transcription did not show clear oscillations for most dishes with cells.
However, ptarmigan data was smooth and showed high luciferase signals (Figure 32b,
Appendix 1). Transcription of Per2 and Bmall was nearly in phase (1.83 hours difference
between phases), and Per2 transcription was strikingly negatively correlated to temperatures.

To go into further detail a second experiment was performed. Ptarmigan fibroblast cultures
were kept at temperatures cycling between 36 °C and 39 °C for four cycles, then the temperature
was continuously kept at 39 °C. Cells were collected every four hours starting at the second
half of the fourth temperature cycle. RNA was extracted from cells, converted to cDNA and
gPCRs were performed for all clock genes and the reference gene Ppib. Per2, Per3, Bmall,
Cryl and Clock showed damped oscillations which were in phase, but no response to cycling

temperatures was observed in and Cry2 (Figure 33).
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Figure 32 Clock gene transcription under simulated body temperature cycles. U20S cells and ptarmigan fibroblasts were
transiently transfected with Per2 and Bmall luciferase reporters and kept at cycling temperatures while real-time
bioluminescence was measured (photon counts per minute, one minute was measured every 15 minutes). (a) U20S cells
(baseline subtracted data), x = 0 = 12 hours after start of recording. (b) Ptarmigan fibroblasts (baseline subtracted data), x =0
= 12 hours after start of recording.
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Figure 33 Clock gene expression after exposure to temperature cycles. Ptarmigan fibroblast cultures were kept at temperatures
cycling between 36 °C and 39 °C for four cycles (each cycle lasting 24 hours), then the temperature was continuously kept at
39 °C. Cells were collected every four hours starting at the second half of the fourth temperature cycle. RNA was extracted
from cells, converted to cDNA and gPCRs were performed. Data was processed as described in the "Materials and methods"
section and is presented as the mean of four replicates (for each gene) for each time point. JTK_Cycle was used to identify
rhythms in gene expression. * =P < 0.01.
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4 Discussion

4.1.1 Changes in activity and body temperature after the transition from a

rhythmic light-dark environment to constant conditions

Under natural light conditions Svalbard ptarmigan show daily behavioral rhythmicity under
rhythmic light-dark cycles, but no daily rhythmicity during the polar day, and no or little daily
rhythmicity during the polar night (Reierth and Stokkan, 1998a). Similarly, in a simulated
natural light-dark environment, daily rhythms in Ty, were observed under rhythmic light-dark
conditions where Ty rose in anticipation of lights on, but rhythms disappeared under DD and
LL (Appenroth et al., 2021a). These findings suggest that Svalbard ptarmigan use a circadian
system to control Ty, under LD, but this system appears to weaken under DD and LL (Appenroth
etal., 2021a). In this study, Svalbard ptarmigan were exposed to controlled light conditions and
sudden transitions from environmental light-dark cycles to constant conditions to study activity
and Ty, after controlled transitions from LD to constant conditions.

Consistent with previous observations, all birds in this study showed clear circadian
rhythmicity in both activity and Ty with diurnal activity patterns under LD. Ty was high during
the light-phase and low during the dark-phase, as would be expected since Ty is usually high
during the active phase and low during the rest phase (Heldmaier et al., 1989, Refinetti and
Menaker, 1992).The observed morning and evening bouts in feeding activity have also been
described in the past (Reierth and Stokkan, 1998a, Reierth and Stokkan, 1998b). Morning and
evening bouts of activity have been reported in other bird species as well, such as greenfinches
(Chloris chloris) chaffinches (Fringilla coelebs) and bramblings (Fringilla montifringilla)
(Aschoff and Meyer - Lohmann, 1955, Aschoff, 1966). They are suggested to be controlled by
two separate oscillators with different responses to light (Daan and Aschoff, 1975, Daan and
Pittendrigh, 1976).

After the birds were transferred from LD to DD/LL Lomb-Scargle actograms revealed
different phenotypes with weak but statistically significant circadian peaks in several cases,
both for locomotor and feeding activity. These could possibly be a result of husbandry, where
birds might have used visits as clues to keep track of time, although visits were done at different
times of the day to avoid possible entrainment by disturbances. However, circadian peaks might
have been caused by an endogenous timekeeping system that weakens rapidly but is still present

after an abrupt change in illumination. After prolonged exposure to constant light birds became
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more active. Increasing daylength in spring time stimulates gonadal growth in Svalbard
ptarmigan, and higher activity under LL most probably reflects an increased desire to breed as
a response to prolonged light exposure (Sharp, 1996).

Rhythms in Ty persisted for several days in all birds after an abrupt transfer to from LD to
DD. Appenroth et al. (2021) suggested a circadian system to be in control of T, under LD that
weakens under constant conditions. In this case it may be assumed that the circadian system
might need several cycles to weaken after a sudden change in light conditions. During the
second part (last 10 days) under DD, periodograms showed weak but significant circadian
rhythms in Ty in two birds, the other birds lost their rhythm completely. This corresponds with
the disappearing rhythms in Ty, under prolonged DD/LL observed by Appenroth et al. (2021).
In this study, rhythms in Ty persisted for a significantly shorter time under LL than under DD.
This might be due to negative masking, meaning that the birds responded directly to the change

in light conditions rather than to a circadian system.

4.1.2 Changes in body temperature in anticipation of light onset

Under simulated natural light conditions Ty in Svalbard ptarmigan has been observed to rise
in anticipation of lights-on under LD (Appenroth et al., 2021a). In this study, anticipation of
light onset by the means of a rise in T, was calculated for all seven birds after they were abruptly
transferred from DD back to LD. Calculated anticipation for the first four days under LD was
significantly different to the last day under LD. This suggests that birds needed approximately
four days to entrain to an environmental light-dark cycle. No significant difference in
anticipation of light change between days were found after a sudden transition from LL to LD.
However, the sample size of this group was smaller (three birds only), and similar results of a
larger group of birds would certainly be more convincing. The fact that the birds were able to
anticipate the onset of light not long after a sudden change from DD to LD supports the
hypothesis that Ty in Svalbard ptarmigan is controlled by an endogenous time-measuring

system in a rhythmic light-dark environment.

4.1.3 Ultradian rhythmicity

In this study a sustained ultradian rhythmicity in locomotor and feeding activity was
observed during the entire period of recording. Ultradian rhythms in Svalbard ptarmigan have
been observed in the past in feeding activity under constant light (Reierth and Stokkan, 1998a),
and in locomotor activity especially under LL (Appenroth et al., 2021a). Ultradian rhythms in

activity have also been shown in other bird species such as Japanese quail (Guzman et al.,
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2017). The presence of ultradian rhythms in both locomotor and feeding activity in this study
suggests ultradian patterns in the interplay of foraging and rest. In their natural habitat, Svalbard
ptarmigan experience short summers and the time for growth and reproduction is limited.
Ultradian rhythms in activity give Svalbard ptarmigan the opportunity to take advantage of the
polar day by several alternating periods of foraging and rest around the clock.

Significant ultradian rhythmicity in locomotor activity has also been shown in both Svalbard
reindeer and Norwegian reindeer (van Oort et al., 2007). The frequency of ultradian cycles
increased from winter to summer and is thought to be due to a seasonal increase in appetite and
quality of forage. In this study, the birds showed no significant increase in frequency of
ultradian cycles under LL compared to DD, however, ultradian periods of feeding activity were
significantly longer under LD than under DD/LL. The ultradian component hence seems to gain
importance when the circadian component is weak. However, we do not know if ultradian
rhythms in Svalbard ptarmigan are driven by hunger and satiety or underly an endogenous
timing mechanism.

The common vole (Microtus arvalis) exhibits a highly robust ultradian behavior that is
suggested to be a result of evolutionary pressure, as synchronous foraging reduces the
likelihood of being preyed on by kestrels (Daan and Slopsema, 1978). The circadian system is
not required for the expression of rhythmic ultradian behavior in voles, as ultradian rhythms
persisted after lesioning the SCN (Gerkema et al., 1990). Furthermore, energy depletion or sleep
debt do not seem to be the driving force behind the ultradian rhythms in voles, as ultradian
behavior in locomotor activity was not substantially affected by deprivation of food, water or
sleep (Daan and Slopsema, 1978, Gerkema and van der Leest, 1991). These findings suggest
an endogenous self-sustained oscillator to drive ultradian rhythms in voles (Bourguignon and
Storch, 2017). Recent findings suggest that ultradian rhythms in locomotor activity may rely
on an oscillator based on dopamine, called dopaminergic ultradian oscillator (DUO). Dopamine
is a neurotransmitter considered to be one of the key elements in promotion of wakefulness
(Brown et al., 2012). Extracellular dopamine levels have been shown to fluctuate in synchrony
with ultradian rhythms in locomotor activity in the striatum of Bmall deficient mice under DD
(Blum et al., 2014). Moreover, disruption of the dopamine transporter gene lengthened the
period of locomotor activity rhythms in mice. Dopamine neurons are suggested to play a central
role in the generation of ultradian rhythmicity (Bourguignon and Storch, 2017), however, it

remains unclear if the rhythmicity is cell autonomous.

o1



In this study ultradian feeding bouts were more concentrated under DD than under LD/LL.
Tyler et al. (2016) suggested a mechanism independent of the circadian system that times
activity, regarding food and safety in ruminants. Ruminants are more prone to attack by
nocturnal predators and less able to detect predators during dark (Kie, 1999). Therefore, they
time their active phase as much as possible during light. Activity in reindeer was observed to
increasingly shift into twilight with decreasing daylight in winter, and to withdraw from twilight
with increasing daylength towards summer (Tyler et al., 2016). Animals hence increased their
tolerance of risk when their energy demands were not satisfied by feeding during daylight under
short days and avoided risk in summer when plenty of daylight did not limit feeding
opportunities. The same behavior has been observed in Svalbard ptarmigan (Reierth and
Stokkan, 1998a) and several species of non-boreal songbirds and small mammals when exposed
to photoperiods of high latitudes in captivity (Daan and Aschoff, 1975). The concentrated
feeding bouts under DD in this study may be because ptarmigan perceive darkness as risk, and
they may rather feed a bit longer when already having risked exposure to possible danger

instead of constantly feeding a bit.

4.1.4 Are ptarmigan skin fibroblasts rhythmic?

4.1.4.1 Stimulation and bioluminescence recordings

U20S cells would be expected to show clear daily oscillations in clock gene transcription
(Baggs et al., 2009, Zhang et al., 2009), and this was also observed in this study. As expected,
Per2 and Bmall expression cycled in antiphase to each other, and the data provides a reasonable
positive control for the ptarmigan data.

Real-time bioluminescence recordings revealed daily oscillations in ptarmigan fibroblast
clock gene transcription after stimulation. However, transcription of Per2 and Bmall would be
expected to cycle in antiphase (Saini et al., 2012) but instead cycled in phase. Furthermore,
oscillations did not dampen as would be expected in clock genes. Temperatures in the incubator
where cell cultures were maintained and in the photon detection unit were measured (Figure
34) and data revealed small temperature fluctuations occurring with daily regularity in the

photon detection unit (Figure 34b). It may be that the promotor reporters we used are very
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Figure 34 Temperature measurements by an iButton. (a) Temperatures in the cell culture incubator where cell cultures were
maintained. (b) Temperatures in the photon detection unit.

sensitive to temperatures and oscillations may have been caused by the observed temperature
fluctuations rather than by an endogenous timing mechanism.

Similar experiments have been done in the past with reindeer fibroblasts (Lu et al., 2010).
Real-time bioluminescence recordings of Per2 and Bmall transcription in reindeer showed no
significant oscillations. Reindeer and Svalbard ptarmigan show similar activity patterns under
natural light conditions of high latitudes, however, under controlled light conditions Svalbard
ptarmigan do show indications of a circadian system that weakens in the absence of an external
light-dark cycle. It needs to be clarified in the future whether the observed oscillations in
ptarmigan Per2 and Bmal1l transcription were caused by the measured temperature fluctuations
to make more detailed statements about the circadian system in Svalbard ptarmigan.

4.1.4.2 Stimulation and gPCR

Gene expression was rather flat for all genes (Bmall, Clock, Per2, Per3, Cryl and Cry2),
and none of the genes passed a one-way ANOVA, which strongly indicates the absence of a
molecular rhythm. This is consistent with the luciferase assays, if the assumption that
oscillations were caused by temperature fluctuations is true. A weak transient response to
stimulation was present, which was already seen when stimulating clock genes with different
reagents earlier in this study. Strangely, Per2 and Per3 expression decreased immediately after
stimulation. The luciferase assays suggest that the cells are very temperature sensitive, and the
decrease in gene expression might reflect a perceived increase in temperature after cells were
out of the incubator for a few minutes while the cell culture media was changed. Future careful

testing would be needed to resolve this question.
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4.1.4.3 Clock gene expression under simulated body temperature cycles

U20S Per2 and Bmall data acquired under simulated body temperature cycles was messy.
Per2 transcription showed damped oscillations, and Bmall transcription did not show clear
oscillations for most dishes with cells. Additionally, luciferase signals were tenfold weaker than
signals measured for ptarmigan fibroblasts. This can probably be attributed to transfection
difficulties. In contrast to previous observations, where Per2 expression was high when
temperatures were low (Kaneko et al., 2020), Per2 transcription was high when temperatures
were high. Kaneko et al. (2020) started sampling after U20S cells had been exposed to cycling
temperatures for five days, while in this study we started the bioluminescence recording right
after U20S cells were exposed to temperature cycles. Thus, U20S cells in this study might not
have been given enough time to entrain to the temperature cycles. Moreover, as data was messy
it is difficult to make concrete conclusions.

The pattern of Per2 transcription in ptarmigan fibroblasts nearly mirrored the pattern of
temperature cycles at which cells were kept, and the amplitude of the oscillations increased
with passing days, indicating a strong response to cycling temperatures. As already observed
for ptarmigan fibroblasts in the stimulation experiment transcription of Per2 and Bmall cycled
in phase, indicating a response to temperatures rather than a response to a molecular clock.
Ptarmigan fibroblasts kept at cycling temperatures for four days and collected during the
transfer to constant temperatures showed different responses for different clock genes. Per2,
Per3, Bmall and Clock showed a damped oscillation in gene expression, which is likely a
response to temperature cycles that immediately damped after a transfer to constant
temperatures. The gPCR showed that gene expression was in phase, which agrees with the
luciferase assays. However, a dampening rhythm may be evidence of a dampening oscillator,
which suggests that the clock is interacting in some respect. Interestingly, once in constant
conditions the peaks of Bmall and Per2/Per3 were separated, which hints at a return to more
expected dynamics where Bmall and Per2/Per3 cycle in antiphase.

By performing gPCRs, we measured expression of clock genes while by recording
bioluminescence we measured transcription of clock genes, hence there may be small
differences between the experiments. Furthermore, the luciferase reporters we used are mouse
promotor reporters, which may not reflect the activity of ptarmigan clock gene promoters, while
gPCRs are highly specific to the genes of interest. Cry2 did not respond to cycling temperatures,
indicating a lower level of temperature sensitivity. The data also suggests that Cry2 expression

is not driven by BMALL:CLOCK, which is unexpected. However, the data was not
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convincingly clear, and the experiment will have to be repeated to make a stronger statement.
Moreover, due to compromises with a study on a different species carried out simultaneously,
the experiment was performed at temperatures lower than the physiological temperatures of
ptarmigan (temperatures in the incubator cycled between 36.5 °C and 39.5 °C, while average
Ty in birds in this study was approximately 40.5 °C). However, ptarmigan fibroblasts were
growing well when maintained at 37 °C, and qPCR data overall agrees with the luciferase
assays, suggesting that temperatures were not a major problem. Nevertheless, we recommend
repeating the experiment in the future with physiological temperatures of ptarmigan.

Appenroth et al. (2021) assessed the transcriptional regulation of Cryl and Per2 within the
MBH and PT in Svalbard ptarmigan in vivo and showed that both genes were rhythmic under
LD and within the first 24 hours after a transfer to LL (Appenroth et al., 2021b). The
mammalian SCN is protected against sensitivity to body temperature entrainment, which may
possibly be the case in other regions of the brain as well, such as the MBH and PT. We need to
bear in mind that here we examined one specific tissue, and that the fibroblast clockwork we

investigated in is not necessarily an indicator for the entire animal.

4.1.4.4 Looking at individual cells

Clock genes in cultured cells are thought to either be stimulated to cycle in expression by a
serum shock, or they may already cycle but are out of phase with one another. In this case a

serum shock would synchronize gene expression (Figure 35).
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Figure 35 Two possible effects of a serum shock on clock gene expression in cultured cells. (a) Individual cells are not
rhythmic, and a serum shock stimulates clock genes to cycle in expression. (b) Individual cells are rhythmic but out of phase
with one another, hence gene expression seems flat. A serum shock synchronizes the cells to cycle in phase.
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In this study, results were obtained from many thousand cells, and we do not know whether
cells were stimulated or synchronized. It would therefore be a useful approach for the future to
look at gene expression in individual cells. An attempt was made in this study to use a
fluorescence-based method to monitor gene expression in single cells. As a positive control,
U20S cells were transfected with a fluorescent reporter of Cry1 transcription, AAV-P(Cry1)-
forward-intron336-Venus-NLS-D2, and a series of images was taken of individual cells over
72 hours. Due to limited time towards the end of this project as well as technical difficulties,
such as low transfection efficiency and cells moving out of focus while a series of images over
extended time periods were taken (Figure 36), the experiment was discontinued. The
experimental design of this experiment needs to be improved in the future to obtain data from
individual cells. In this regard, we intended to transfect cells with biosensors for H2Og,
ATP:ADP ratio and NADH:NAD™ ratio. Cycles in metabolism as an output of the circadian
clock cause cycles in H202 abundance and cycling changes in ATP:ADP and NADH:NAD"
ratios. Using these biosensors allows to study the output of a molecular clock and compare it

to findings about the clock itself.

Figure 36 U20S cells transiently transfected with a fluorescent reporter of Cryl transcription (AAV-P(Cryl)-forward-
intron336-Venus-NLS-D2). One image was taken every hour over a period of 72 hours with the live cell imaging system
Celldiscoverer 7 (Zeiss). This figure shows a series of images with four hours differences between each image, from the start
of the experiment (top left corner and sequentially from left to right) until cells went out of focus (bottom row).


https://media.addgene.org/data/plasmids/110/110054/110054-attachment_Rljo3UiUL8Xn.gb
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4.1.5 Adaptive value of circadian clocks in the Arctic

Van Oort et al. (2005) states that maintaining a strong endogenous clock in a non-rhythmic
environment is of little selective advantage for herbivores. Svalbard reindeer and Svalbard
ptarmigan are both herbivores experiencing a non-rhythmic environment for most of the year,
and both show very weak circadian behavior in the absence of a rhythmic light-dark
environment. This unusual phenotype reflects a rather unusual selective pressure and may
therefore be seen as an adaptation to life in the Arctic. However, sustained circadian behavior
and physiology has been reported in several species inhabiting the Arctic, such as polar bears
(Ursus maritimus) (Ware et al., 2020), Arctic ground squirrels (Urocitellus parryii) (Williams
et al., 2012, Williams et al., 2017) and bumblebees (Bombus terrestris and B. Pascuorum)
(Stelzer and Chittka, 2010). These differences in circadian output between species may be seen
as a flexible solution to different evolutionary histories.

In Svalbard ptarmigan a circadian clock is maintained in tissues essential for seasonal timing
and is thus suggested to be maintained for measuring photoperiod (Appenroth et al., 2021b),
but behavioral output is suggested to be decoupled from a possibly functional molecular
clockwork in other tissues. Looking at the molecular dynamics of the clock, our results suggest
that a molecular clockwork is not functional in Svalbard ptarmigan in tissues not essential for

seasonal timing.

4.1.6 Conclusion

We have shown that daily rhythms in locomotor and feeding activity in Svalbard ptarmigan
immediately weakened after a sudden change of light conditions from LD to DD/LL, while
rhythms in Ty persisted for at least 10 days in all experimental birds. From approximately four
days after a change from DD to LD birds showed a rise in Ty in anticipation of light onset.
These findings support the hypotheses that Svalbard ptarmigan are in little endogenous control
of daily activity rhythms, and that Ty, rhythms in Svalbard ptarmigan are under control of a
circadian system that weakens under constant conditions. We have also shown that a sustained
ultradian rhythmicity was present during the entire experimental design, with higher
frequencies under constant lighting conditions than under light-dark cycles. Weak circadian
rhythmicity in the absence of a rhythmic light-dark environment together with a higher
frequency of ultradian rhythms suggest a greater importance of daily rhythms under LD and an
increased importance of ultradian rhythms under DD and LL, which indicates a flexible system

as an adaptation to an unusual environment. We have shown daily oscillations in Per2 and
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Bmall transcription in ptarmigan fibroblasts, and attribute these to a high sensitivity of clock
components to small temperature fluctuations in birds. No self-sustained spontaneous rhythms
in clock gene expression were found in ptarmigan fibroblasts, which indicates the absence of
an endogenously driven molecular rhythm. The suggested sensitivity of avian clock
components to temperature was reflected in a strong response of Per2 and Bmall transcription
to simulated body temperature cycles. Taken together, our results support the hypothesis of a

weak circadian system in Svalbard ptarmigan.
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Appendix

Appendix A: Locomotor activity actograms and corresponding periodograms for

all experimental birds
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Appendix B: Feeding activity actograms and corresponding periodograms for all

experimental birds
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Appendix D: Body temperature amplitude LD to DD/LL for all experimental
birds

072-98

T, amplitude (°C)

1.5-
© 1.0-
L ot
P2 -1.0 |

-1.5-

Figure A 22 T, amplitude (ID: 072-98) for 10 days. (a) Last day under LD and following nine days under DD, and (b) last day
under LD and following nine days under LL. Vertical dotted lines separate days, white background = lights on, grey background
= lights off. A nonlinear regression was drawn as a dampened sine wave (red), vertical red line = half-life of dampened sine

wave.
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Durchstreichen
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Figure A 23 Ty amplitude (ID: 078-98) for 10 days. (a) Last day under LD and following nine days under DD, and (b) last day
under LD and following nine days under LL. Vertical dotted lines separate days, white background = lights on, grey background
= lights off. A nonlinear regression was drawn as a dampened sine wave (red), vertical red line = half-life of dampened sine
wave.
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Figure A 24 Ty amplitude (ID: 269-98) for 10 days. (a) Last day under LD and following nine days under DD, and (b) last day
under LD and following nine days under LL. Vertical dotted lines separate days, white background = lights on, grey background
= lights off. A nonlinear regression was drawn as a dampened sine wave (red), vertical red line = half-life of dampened sine
wave.
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T, amplitude (°C)

Figure A 25 Ty amplitude (ID: 079-98) for 10 days. (a) Last day under LD and following nine days under DD, and (b) last day
under LD and following nine days under LL. Vertical dotted lines separate days, white background = lights on, grey background
= lights off. A nonlinear regression was drawn as a dampened sine wave (red), vertical red line = half-life of dampened sine
wave.
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Figure A 26 Ty amplitude (ID: 041-98) for 10 days. (a) Last day under LD and following nine days under DD, and (b) last day
under LD and following nine days under LL. Vertical dotted lines separate days, white background = lights on, grey background
= lights off. A nonlinear regression was drawn as a dampened sine wave (red), vertical red line = half-life of dampened sine
wave.
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Figure A 28 Ty amplitude (ID: R35) for 10 days. (a) Last day under LD and following nine days under DD, and (b) last day
under LD and following nine days under LL. Vertical dotted lines separate days, white background = lights on, grey background
= lights off. A nonlinear regression was drawn as a dampened sine wave (red), vertical red line = half-life of dampened sine
wave.

T, amplitude (°C)
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0.5
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Figure A 27 Ty amplitude (ID: 047-98) for 10 days. (&) Last day under LD and following nine days under DD, and (b) last day
under LD and following nine days under LL. Vertical dotted lines separate days, white background = lights on, grey background
= lights off. A nonlinear regression was drawn as a dampened sine wave (red), vertical red line = half-life of dampened sine
wave.
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Appendix E: Body temperature amplitude DD to LL for all experimental birds,
and LL to LD for birds in room 1
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Figure A 29 Ty amplitude for four birds (titles indicate bird 1Ds) for 10 days. Transition from DD to LD. Vertical dotted lines
separate 12 hours. White background = lights on, grey background = lights off.
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Figure A 30 T amplitude (I1D: 269-98) for 10 days. (a) Transition from DD to LD and (b) transition from LL to LD. Vertical
dotted lines separate 12 hours. White background = lights on, grey background = lights off.

T, amplitude (°C)

T, amplitude (°C)

Figure A 31 Tp amplitude (ID: 079-98) for 10 days. (a) Transition from DD to LD and (b) transition from LL to LD. Vertical
dotted lines separate 12 hours. White background = lights on, grey background = lights off.
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Figure A 32 T, amplitude (ID: 241-98) for 10 days. (a) Transition from DD to LD and (b) transition from LL to LD. Vertical
dotted lines separate 12 hours. White background = lights on, grey background = lights off.
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Appendix F: U20S cells synchronization and luciferase assays
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Figure A 33 Molecular rhythms in U20S cells. Cells were transiently transfected with Per2 luciferase reporters, synchronized
with 50% FBS for one hour, then bioluminescence was recorded (photon counts per minute, one minute was measured every 15
minutes). y = baseline subtracted data, x = 0 = 12 hours after start of recording.
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Figure A 34 Molecular rhythms in U20S cells. Cells were transiently transfected with Bmall luciferase reporters,
synchronized with 50% FBS for one hour, then bioluminescence was recorded (photon counts per minute, one minute was
measured every 15 minutes). y = baseline subtracted data, x = 0 = 12 hours after start of recording.
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Appendix G: Ptarmigan fibroblasts stimulation and luciferase assays
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Figure A 35 Molecular rhythms in ptarmigan fibroblasts. Cells were transiently transfected with Per2 and Bmall luciferase
reporters, synchronized with 50% FBS for one hour, then bioluminescence was recorded (photon counts per minute, one minute
was measured every 15 minutes). y = baseline subtracted data, x = 0 = 12 hours after start of recording.
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Appendix H: U20S cells luciferase assays under simulated body temperature
cycles
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Figure A 36 Clock gene transcription under simulated body temperature cycles. U20S cells were transiently transfected with
Per2 luciferase reporters and kept at cycling temperatures while real-time bioluminescence was measured (photon counts per
minute, one minute was measured every 15 minutes). y = baseline subtracted data, x = 0 = 12 hours after start of recording.
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Appendix I:
temperature cycles

Per2
200000+
@ — Per2
o
c
[ Temperature
[*]
(7]
[
E ]
3
3 3
— =
m 2
£
]
-
Hours o
Bmal1
50000+
[} ~— Bmalt
Q
e m A [
8 A /™ ™ / Temperature
I [ A [N |
o | | | ) |
E o_\‘M... - [reeeee - I‘L ...... : ..... /.‘ ..... 5‘
W) ., /
" - -/ 3
3 ’ E
45
@ [ar 8
-50000 T T T T T T 3T £
0 12 24 36 48 60 72 2
s
Hours o

Bioluminescence

Bioluminescence

Per2
200000+
45
|:41
-20000¢ T T T T T T 37
0 12 24 36 48 60 72
Hours
Bmal1
50000
f’n‘.
A I \‘. ‘f’
i |\ [\ |
0 A [N | |
N Vo | FEUURO PP | PSP SRR | PP PN
\ f \ [ | J
AN U \
- \/
45
|:41
-50000 T T T T T T 37
0 12 24 36 48 60 72
Hours

Ptarmigan fibroblasts luciferase assays under simulated body
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Figure A 37 Clock gene transcription under simulated body temperature cycles. Ptarmigan fibroblasts were transiently
transfected with Per2 and Bmall luciferase reporters and kept at cycling temperatures while real-time bioluminescence was
measured (photon counts per minute, one minute was measured every 15 minutes). y = baseline subtracted data, x = 0 = 12

hours after start of recording.
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