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Usett og ubetradt, i dedens mektige ro, slumret de stivnede polaregne under sin uplettede

iskape fra tidenes morgengry. Hylleiift hvite skrud strakte den veldige jette sine klamme is
lemmer utover og ruget over artuseners drgmmer.

Tidene gikkt dyp var stillheten.

S4, i historiens demring, fiernt i syd, laftet den vaknende menneskeand sitt hode og sa over
jorden; mot syd mgttelen varme, mot nord kulde, og bak det ukjentes grenser la den da de
to riker, den altforteerende hetes, den drepende frosts.

Men for menneskeandens trang, den stetse voksende, mot lys og viden, matte det ukjentes
grenser vike skritt for skritt, inntil dstanset i nord ved dgrstokken til naturens store iskirke,
polaregnenes endelgse stillhet.

Fridtjof Nansen
Fram over Polhavet
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Il. Thesislastract

This thesis addresses aspects of tireadian and photoperiodic system in a High Arctic bird:
the Svalbard ptarmiganLégopus muta hyperbores&Sundevall 1845). The most northern
resident bird inhabits a unique photic environment; 2/3 of its year it spends either under a
night without sunrise(polar night) or under a never settirin (polar day). Studies so far
suggest a temporal loss of circadian control over behaviour during these constant photic
conditions, allowing opportunistic rather than circadian dictated behavi@®eierth and
Stokkan, 1998a; Reierth et al., 1999; Stokkan et al., 198&@H)circadian controlextends
beyond temporal organation of behaviour, and other aspects of this Argdapted circadian
machinery have received less attention.

Rhythms in core body temperature pjThave not been thoroughly studied in Svalbard
ptarmigan and in Arctic birds in generand the extent of ecadian control over this
physiological parameter is unknown.gaper |, we have investigated the, Thythm alongside
activity in captive Svalbamtarmiganunder short photoperiod (SP), long photoperiod (LP) as
well as under constant light (LL) and camtdarkness (DD). While birds under SP and LP
showed clear diurnal activity andypatterns theserhythms seemedto be lost under LL and
DD. However, under SP we noticed nocturnal rise in &nticipation to the lighton signal, a
rise which also preaed rise in activity. Anticipation is a hallmark of circadian rhythmicity and
indicates circadian control of thermoregulation in Svalbard ptarmigan.

In an additional experimenfunpublished), we transferre8valbard ptarmigaentrained to

L:D 12:12into either LL or DD and measured dampening grcyicles by sine wavand
periodogram analysisThe results show thal, cyclesdampened under DD and LL before
becoming arrhythmiclt is further shown that the g'rhythm dampered faster under LL
(rhythm dampened by half after 1d 23h in LL) than under DD (rhythm dampened by half after
5d 12h).

While & and activity might be useful parameters to characterise circadian organisation, the
primary importance of circadian rhythms in the Arctic migbt he found in behavioural and
physiological synchronisation over the -B4timescale. Photoperiodism describes the
mechanism by which organisms receive and respond to changes in day (phgtbperiod)

in order to achieve synchrony with a seasonal envinent. This procesis theoried to be
based on circadian rhythmicity at least in mammals and Higisning, 1936; Follett, 1973;
Wood et al., 2020)In the weak daily rhythmicity but strong seasbrhythmicity of the High
Arctic, the true importancef circadian rhythms might, therefore, lie in its participation in
photoperiodsm rather than in daily orgaraion of behaviour and physiology.

In order to explore whéter photoperiodism is circadiamased within Arctic animals, we have
studied the neuroendocrine centre for photoperiodic responses: the mediobasal
hypothalamus (MBH) and the adjacent pars tuberalis (PT) in captive Svalbard ptarmigan under
various photoperiodic treatments. Ipaper I we establisted that processes within the MBH

and PT of an Arctic animal are identical to temperate species. We also showed that a
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photoperiodic response in the MBH, PT and in gonadal maturation can take place when birds
are transferred directly from DD to Lie. without lightmediated entrainment and despite
behavioural arrhythmicity in both conditions. This suggests that the rhythm necessary for
photoperiodic induction was either sustained or rapidly initiated under these conditions.

In paper Ill we measted expression of clock genes and key genes of the photoperiodic
response pathway within the PT and MBH for 24 h after a direct transfer 88mto LL
Svalbard ptarmigan retagd pronounced clock gene expression in the first day of LL and
showed appropriate expression of photoperiodic key genes. In the second part of the
experiment, we showed that Svalbard ptarmigan can photoperiodically respond to skeleton
photoperiods in terms of activity, body mass and photoperiodic key gjeBeth parts sugge
circadianbased photoperiodism in our High Arctic model organism.

The sum of these studies show that Svalbard ptarmigan are able to escape circadian
hegemony in behaviour and thermoregulation under arrhythmic conditions but are able to
produce rhythmbased photoperiodic responses under various experimental light schedules.
This establishes the importance of circadian rhythms in the Arctic as basis for seasonal
responses.
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1. Introduction

This thesis addresses aspects of the circadian and photoperiodic system in a High Arctic bird,
the Svalbard ptarmigan. Here, | give a short overview about circadian rhythms followed by a
description of photoperiodism with a highlight on its circadian basimammals and birds.

The last parbf this introductiondiscusses the role of circadian and photoperiodic processes

in Arctic environments.

1.1 Circadian rhythms and circadian clocks

The Erth rotates around its own axis driving cyclic

changes in local conditions with a period of 24 h (a

day). These changes include abiotic factors such as

light exposure, temperature, humidity and

ultimately also biotic factors including food

availability and predation risk. Most organisms have

adapted to exploit certain periods of the day while

avoiding others. For example, many plants swell

leaves to maximise light exposure and to increase

photosynthetic capacities during the day. Also many

animals are active during portion of the day when

conditions are favourable and rest during

unfavourable conditions (activity cycle). These

biological cycles persist in many organssaven

under constant enviromental conditions(Beling,

1929; de Mairan, 1729 hs indicateghat they are

not merely driven by the environment but are

generated by internal seKustained processes. Figure 1. The organisation of the

These sefbustained biological cycles have been ¢ircadian systemOne or multiple

coined circadian rhythms (from the Latimords 2?:;2;ecrlso(i::ihingr?\l/?rotr?mrgrx:tﬂ}r;Ic(
I E . N Eluv o V . (I]-!a+be‘.fg, QZ.9_5931'nd the lightdark cycle) and generat;

are defined by three mairriteria. First,circadian

an endogenous and sedistained
rhythms must be endogenous and niuse free circadian rhythm. The maste

running (run in constant conditions) with period clock(s) imposes its rhythm o
approximating 24 h. Second,hdy must be peripheral clocks and tissues
entrainable or be able to synchroeisothe external ultimately leading to rhythmic

environment, and thirdtheir period length must be output, e.g. activity cycles.
independent of temperature.

Observable circadrarhythms in, for example, locomotor activity or leaf movement are merely
the output of a whole circadian systerigure ) at the base of which biochemical oscillators
produce rhythmicity within cells by transcriptior@inslational feedback loops (TTFL)



TTFLs, soalled clock genes trans&@atinto proteins that drivecomplex negative feedback
loops, producing a selfustained rhythm of gene expression and inhibition with a period of
approximately 24 hBox 1) (Dunlap, 1999)Most cells of an organism contain clock genes and
express an appramately 24h rhythm based on TTF(@&/hitmore et al., 1998; Yamazaki et

al., 2000) but in order to coordinate all clocks drio entrain them to the environmenthe
circadian system must also contain one or multiple master clocks. A master clock is often
defined as a specific tissue in which cells and their circadian rhythms are tightly coupled.
Master clocks, in contrast to peheral docks, can entrain or synchromeigo the external
environment by cyclic cues, calleditgebess ~(E}u ' Eu v-PBIUEE * X 3njdsP E
themselves be rhythmic and must be a reliable representation of the passing of a day. Cues
like ambient temperature can act awitgebers(Aschoff and Taka, 1986)but the most
potent, because most reliable, cue is the liglatrk cycle(Aschoff, 1954)The seksustained

and entrained master clocks are able to slyronise peripheral clocks through neurological
and hormonal pathways, e.g. through melatonin betautonomic nervous syste(Buijs et

al., 2016) The rhythmin body temperature, a process under circadian control, was also
suggested to be able to entrain peripheral clocks and tisBeswvn et al., 2002; Buhr et al.,
2010) Utimately, the sum of synchroresl clocks produce rhythmic behaviour, physiology
and metabolism.

The organisation of the circadian system differs between animal cladssesmmmalsa single
master clock within the suprachiasmatic nucleus (SCN) of the hypothalamus receives light
input through the eyes via the retinohypothalamic tract and entrains all peripheral clocks. In
contrast, the avian circadian system compriaéfeastthree master clocks within the pineal
gland, the retina and the avian SCN, each of which is able to receive light information and
produce a sefsustained rhythn{Brandstatter, 2003; Cassone, 2014)

The evolutionary drivergf circadian rhythms are thought to derive from three adaptive
values. External syhoonisation, internal synchroragion and forming the basis for
photoperiodism(Hut and Beersma, 2011; Vaze and Sharma, 2@E&rnal synchronigtion
describes the function of producing rhythmic behaviour and physiology deraio be in
synchrony with environmental cycles and to anticipate and to exploit upcoming favourable
conditions. Internal synchrorasion describes the harmonisation of internal processes to
allow efficient energy metabolism and to avoid opposing procggssecoincide. The third
function, being a major topic of this thesis, will be addressed in further detail in the following
chapters.



Box 1. Transcriptionafranslational feedback loop (TTFL) and clock genes

TTFLs are at the core of circadian cloths
TTFL, genes are first transcribed into their
MRNA and subsequently translated into
their respective amino acid sequence. The
produced protein then inhabits its own
transcription. In absence of freshly produced
MRNA, the concentration of the protein
decreases, eventually lifting inhibition and
allowing the cycle to start anew.

Circadian clocks contain numerous clock
genes that are responsible of generating
these TTFLs in an approximatelyt24ycle
and to connect the produced rhythm to
various outpus. The core cycle contains the
clock genesPerand Cryand their respective
homologs as well a€lockand Arntl (also
known asBmall).

In the simplified form, a complex of the proteins CLOCK and ARNTL is bindindpdkest
(transcriptional response elements) of the gerfgsrand Cry, which promotes their expressiol
(Kume et al., 1999; Shearman et al., 199ZpnsequentlyPer and Cry are transcribed and
translated into their respective proteins. The PER and CRY proteins heterodimeriseilandhah
action of the CLOGKRNTL complex, thereby indirectly inhibiting their own transcript{tege et
al., 2001) The inhibited gene expression leads to a gradual depletion of CRY and PEI
inhibition on the CLOGKRNTL complex is lifted and can activate transcriptioResfand Cry
anew. This core cycle is supplemented by additional regulators and elements, sachTa FL
controlling expression d&rntl (Preitner et al., 2002)The rhythmic expression of clock genes driy
rhythmic expression of numerous other genes, e.g. through the action of CARKRK(Cox and
Takahashi, 2019; Menet et al., 20Liading ultimately to rhythmic processes across all tissue



1.2 Circadian basis of seasonal timing

The Earth revolves around the S(@opernicus, 1543)ith an axial tilt of 3°1 0 [Sédillot,

1853) This astronomical combination causes a latitg@gpendent annual variation of light
exposure ultimately causing the seasons. In temperate and high latitudes, the seasons shape
the environment and cause pronounced annual cyclésnmperature, precipitation and day
length. Inhabitants of seasonal habitats have evolved to be in synchrony with these annual
cycles and express various seasonal traits to cope with the interplay between favourable and
unfavourable conditions. Examples tife seasonal life traits are seasonal reproduction,
migration, moulting, flowering and hibernation. One primary process by which organisms
anticipate upcoming seasonal conditions and time these metabolically costly traits is called
photoperiodic time measement. Photoperiodic time measurement, here after referred to

as photoperiodism, can be defined as the ability of an organism to perceive and to measure
the annual change in photoperiod (ddgngth) and to use this to synchronise cycles of
physiology andbehaviour to the solar year. Past and current research focuses to uncover the
fundamental mechanissof photoperiodism, i.e. how the organism translates the changing
photoperiod into a signal that ultimately leads to the expression of the appropriate sabso
phenotype.

Erwin BunningHigure 2A was the first to propose that photoperiodism is based on a circadian
rhythm of sensitivity to light(Bunning, 1936)In his pioneering work on runner beans
(Phaseolus coccingUgigure 2B, Z } « EA 3Z %0 v3[s 0 ( ulbeditha8 v }v
it was under circadian control because movement continues in the absence of -aldight
cycle and other cyclic environmental cues. Based on this observation, Binning proposed that
S§Z %00 v djan c]JdEk is setting a morning and evenplase within the 24 framework

of a day. He defined the morniqdpase as the period vém leaves swell and the evenipbgase

as the period when leaves shrink. In hisdabon photoperiodism, he argueithat these
phases can be utiksl to deect changes imphotoperiod (Binning, 1936 Under a short
photoperiod light coincides only with the morninghase, while under a long photoperiod

light extends into theeveningphase. The runner beais a shoriday flowering plantand
Bunning reasong that light during the eveninghase is rgarded as a signal to suppress
flowering. Conversely, under a short photoperiod ligbéd not extend into the eveninghase

and the suppression on flowering is lifted.

hv & §Z Pu] v }( }olv W]SS v E]JPZU ©°vv]vP[e Jv]&] o u} c
external and internal coincidence modéRttendrigh, 1972)The external coincidence model

(Figure 2@verymuchrese o0 ¢« °vv]vP[e ]Jv]S] 0 %o E}%o}*]S]}v Vv s E] -

in photoperiodism. The first role is to entrain an endogenous circadian rhythm, which sets a
photosensitive phase in the subjective night. The second role of light is to trigger the
photoperiodic response. Undeax long photoperiodlight coincides with the photosensitive

phase and triggers the response while it does not under a short photoperiod.



Like the external model, the internal coincidence modtdgre 2D is also based on circiath
rhythmicity but does not require a direct response to coincidingtlighinstead, describes
photoinduction as the result of the phase relationship of two or more factors cycling with
differently phased circadian rhythms. These cycling factorsishiépendently with changing
photoperiod, e.g. one factor shifts with dawn and the other with dusk. When photoperiod
brings the cycling factors into a certain phase relationsthgy trigger a photoperiodic
response. A third modeF{gure 2, historicallyadvocated by Tony Lees, is emancipated from

a circadian rhythm(Lees, 1953)It instead describes photoperiodism as accumulation and
depletion of a lightdependent factor. Inalondw Z2}5}% &]} U §Z]e ZZ}uEPO <[ u}
the accumulation of a lightependent factor above a certain threshold, which leads
consequently to a photoperiodic response. In a short photoperiod, the threshold is not
crossed and the lighdependent factors subsegently depleted during the darghase. The
hourglass model can also be inversely described as the accumulation and depletion of a dark
dependent factor.

Various experimental protocols, such as exposure of organisms to skeleton photoperiods and
NandaHamner protocolgHamner, 1964; Nanda and Hamner, 195&)ve been employed in
order to distinguish between he circadiarbased and hourglass model. In skeleton
photoperiods, the lighphase $ replaced by two shorter lightlocks marking the beginning
and end of the photoperiod they imitate. Hence, a skeleton photoperiod can resemble a long
photoperiod in termsof the timing of light and a short photoperiod in terms of amount of
light hours within a 24 period. (Pittendrigh and Minis, 1964)Assumingthe external
coincidence model, the first light block is setting the photosensitive phase while the second
light block coincides with itHigure 2¢. According to the internal model, the two light blocks
mark dusk and dawn and cause the same phase rektipras the corresponding continuous
photoperiod would Figure 2. The validity of skeleton photoperiods to prove rhythased
photoperiodism is not unchallengediees, 1973)but between the hourglass model and a
rhythm-based modethe latter is the more parsimonious explanati(@aunders, 2005)



Figure 2. Different model have emerged to explain photoperiodism and the underlyin
mecharisms.

(A) Erwin Bunning (19066990) was the first to propose a circadian basis for photoperiodi
Picture fromBonner (1994)

(B) In his work with red runner beans, he proposed a model resembling the external coincic
model.

(C)The external model is described as an endogenous daily timer that entrains to theldidh
cycle and sets a phase of photosensitivity (light blue)ekMight coincides with the photosensitiv
phase (dark blue) a long day response is triggered.

(D) The internal coincidence model also presumes a circadian basis but describes a photop
response as the result of a certain phase relationship of twmore cycling factors, e.g. a daw
and a dusk factor. Both models predict that a photoperiodic response is not triggered throug
total amount of light hours but by the timing of light, hence skeleton photoperiods can have
same effect as the longhptoperiods they imitate.

(E)In contrast to the coincidence models, the hourglass model describes a ciréadéependent
system in which the accumulation of a lighgpendent (or daridependent) factor above a certail
threshold (dark blue) leads to dptoperiodic response.



Further experimental distinction between the circadibased and hourglass model can be
achieved by Nandélamner protocolfHamner, 1964; Nanda and Hamner, 19%8)Nanda
Hammer protocosk, short photoperiods are commonly paired with long dahases, which
deviatefrom the 24h framework of a day. These experiments assume the circadian rhythm
for photoperiodism to be sustained with a near to-B4eriod despitehe period of he light
dark cycle deviating from 24 tPhotanduction dependstherefore, at which phase othe
circadian rhythm the lighphase re-occurs. If the short light and long dapkase equal a
multiple of 24 h, the light will always coincide with the sameadran phase and will not
trigger a responsda-{gure 3A & 3B If, however, the lightind darkphase derivate fronthe
multiples of 24 h the lighphase sequentially coincides with different phases of the circadian
rhythm, including the phase whichngeded to trigger a photoperiodic respondadure 3¢

Figure 3. Nandddamner protocols proof circadiabased photoperiodism.

(A) In a normal short photoperiod, the light phase does not coincide with
photosensitive phase.

(B)In aNandaHammer protocol in which light and dark phase equal a multiple o
h the light phase is continually not coinciding with the photosensitive phase.

(C)In contrast, if light and dark phase are not equal to a multiple of 24 h the light p
alternatdy coincides with the photoinducible phase and triggers a photoperic
response.

The figure illustrates the external coincidence model but is also applicable tc
internal coincidence model.



The whitecrowned sparrow4onotrichia leucophrygsan excellent illustration of the effect

of NandaHamner protocols. In whiterowned sparrowa correctly timed lighphase 100 h

after the last dusk is sufficient to trigger a photoperiodic response in form of increased plasma
concentration of luteinizing hormone (LHJ-ollett et al., 1974) This proves that an
endogenous rhythm operates in whitgowned sparrows and that this rhythean persist
throughoutfour days of complete darkness.

NandaHamner protocols presume a salfistaining circadian oscillator, but circadian clocks
are manifold and adapted to their respective environments. Historically, birds belonigeto

of the most diverse studied class irerins of photoperiodism. Their advantage as
photoperiodic research models, e.g. compared to mammals, lies in the fact that a single long
day or single correctly timed light pulse is sufficient to trigger an easy measurable
photoperiodic response, for examglinthe plasma concentratiof gonadotropinssuch as
LH(Follett et al., 1977; Nicholls et al., 197B)rds are also a diverse taxonomical class with
species inhabiting various habitats, from the tropics to the poled,displaying different life
strategies. The circadian system is naturally adapted to the respective environment and life
strategies, which has alsmplications on circadiabased photoperiodism. Birds like starling
(Sturnus vulgarjsand whitecrowned s@rrow express strong se$ustained rhythms and
show phdoinduction to correctly timed Nandelamner protocolgFigure 4white-crowned
sparrow depicted as blue birdollett et al., 1974; Gwinner and Eriksson, 1977; King et al.,
1997) At the other end of the spectrum, birds like qu&ibofurnix japonicpoften fail to be
photoperiodically triggered by Nanddamner expriments(King et al., 1997; Saiovici et al.,
1987) Arguablythis is because their circadian rhythm for photoperiodism dampens and re
entrains with every new lighphase owtside the normal 24 framework Figure 4quail
depicted as yellow birdJJuss et al., 1995; King et al., 199e diverse responses to Nanrda
Hamner protocols can be argued against its validity to proof circaokaed photoperiodism.
They might only demonstrate presericebsen@ of strong sustained circadidrased
photoperiodism like in the whiterowned sparrow bubften fail to discriminate between
organisms reading photoperiod via a damped circadian oscillator (e.g. quail) frose th
employing a truly hourgladsasedsystem(Saunders, 2005)



Figure 4. Sustained and dampening circadian rhythms have different implications

photoperiodism.Skeleton photoperiods and Nandttamner protocols can both be used to indica
circadianbased photoperiodism. Skeleton photoperiods lead to a photoperiodic response
range of species but they have also been interpreted in favour for the hourglass (heds| 1973)
NandaHamner protocols produce photoperiodic responses based on strongissHinable timer,
as in whitecrowned sparrow (blue bird), but often fail to do so in organisms with a fast dampe
and readily reentrainable circadian system, such as in quail (yellow bird). The figure illustrate
external coincidence model but is also applicable to the internal coincidence model.



1.3 The photeneuroendocrine cascade in the mediobasal hypothalamus and plaes
tuberalis

Support that photoperiodism, especially in mammals and birds, is circédised does not

only stemfrom experimental light manipulations but also derives from molecular and genetic
research. Many of these studies focus on the supposedreeot photoperiodism: the
mediobasal hypothalamus (MBH) and the adjacent pars tuberalis (PT). The most studied
seasonal phenotypeontrolled by this photoperiodic centiie reproductionbut the PT/ MBH
region hasalso been linked tseasonabody mass contro(Bolborea and Dale, 2013; Ebling
and Lewis, 2018; Hanon et al., 2008; Helfer et al., 2019; Helfer and Stev2020niNishiwaki
Ohkawa and Yoshimura, 2016; Yoshimura, 2013)

Seasonal reproduction in mammals and birds is controlled through the regulation of
gonadotropirs secreted by the anterior pituitary gland. The gonadotropins (luteinizing
hormone (LH) and follicistimulating hormone (FSH)) act on the gonads, regulating
gametogenesis and production of sex steroids, leading ultimately to reproduction and the
expressio of secondary sexual characteristics.

The annual varying synthesis and release of gonadotsdpimegulated by a gene cascade
transducing the light signal within the mammalian and avian MBH an#&iglr¢ 5. Within
the PT, long photoperiod, either tramitted by deep brain photoreceptors in birdsialford

et al., 2009; Nakane et al., 201@)the melatonin signal in mamma(slazlerigg et al., 2001,
Yasuo et al2009) triggers expression of thesubunit of thyroidstimulating hormoneTsh>
(Nakao et al., 2008PFderived TSH leads to increased type Il iodothyronine deiodirizied)(
expression though a cAMRIependent pathway withingecialised ependymal cells lining the
third ventricle, secalled tanycytegBolborea et al., 2015; Hanon et al., 2008; Nakao et al.,
2008; Ono et al., 2008PDIO2 in its turn activates thyroid hormones within the MBH. It
catalyses the removal of iodine from the outer ring of prohormone thyroxiag {{ereby
converting it into bioactive triiodothyronine £l In long day breeding mammals and birds, the
increased 7 concentration leads to increased release of gonadotrepieasing hormone
(GnRH) from the median eminence (ME) into the pars distalis.f@doposed mechanism by
which & acts on GnRH secretion is Imguralremodellingof the MEregion, i.e.by changing
glial encasement of GnRH nerve termingilamamura et al., 2004; Yamamura et al., 2006)
Alternatively, in mammals it lkabeen proposed that neurons expressing Kisspeaptid
RFamideelated peptide regulate GnRH secretion amnd targets for I(Dardente et al., 2014,
Henson et al., 20B; Klosen et al., 2013; Quignon et al., 2020)either case, in lorday
breeding birds and mammals increased hypothalaniledds to increased GnRH secretion,
which ultimately leads to increased release of gonadotropins fromatiterior pituitary and

to the onset of seasonal reproduction.

Converselyunder short photoperiod increased expression oftype Il iodothyronine
deiodinase Dio3 coincides with decreasetish>and Dio2 expression(Milesi et al., 2017;
Nakao et al., 2008; ¥ao0 et al., 2005)DIO3 catalyses inneing deiodination of 7and &to
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biologically inactive iodothyronines, causing decreased GnRH release and gonadal inactivity in
long-day breedinganimals(Yasuo et al., 2005 his reciprocal photoperiethediated switch

in DIO enzymes and the resulting effects on the hypothalamic concentration of bioagtive T
has become a central paradigm in photoperiodism.

Besides reproductiarthe PT/ MBH regioand especially the tanycytes there wittiavebeen
linked toseasonabody mass contrgBolborea and Dale, 2013; Ebling and Lewis, 20&Ber
et al., 2019; Helfer and Stevenson, 2Q02@)pothalamic Flevelsnot only affectreproduction
but alsoappetite andaccumulation and depletion of adipose tisselg.in Siberian hamster
(Phodopus sungorlyigBarrett et al., 2007; Murphy et al., 2012Jhe mechanisslinking
hypothalamicthyroid hormones and seasonal bothass regulation araot well understood
but might includedownstream targets, such as the retinoic acid pathwagnilelemens of
the retinoic pathwayare located intanycytes(Helfer et al., 2012; Ross et al., 2004; Shearer et
al., 2012)andthe expression oRaldh] the ratelimiting enzymefor retinoic acidsynthesisis
upregulated byTz in rats(Stoney et al., 2016Janycytes functiompartly ashypothalamicstem
cellsource(Lee et al., 2012nd recent modeldink the Ts/ retinoic acidpathwayto seasonal
cyclesof cellular degeneration,proliferation and differentiationinto appetite regulating
neurons(Helfer et al., 2019; Lee et al., 2012)ternatively Ts andretinoic acid might affect
direct expressiorof neuropeptides involved in energy regulatisnch asPOMC and VGF
(Helfer and Stvenson, 2020)
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Figure 5. The TSHIOGnRH pathway within the mediobasal hyfiltalamus and pars tuberalis

at the core of photoperiodic regulation of reproduction in mammals and birds seasonal
breeding birds and mammals, long photoperiod stimulalet>expression within the PT. P71
derived TSH does in its turn leads to increag#d2 expression within tanycytes and, as
consequence to elevated hypothalamigcbncentration. In log-day breeders, bioactivesoes

stimulates GnRH secretion into the anterior pituitary. This ultimately increases gonadot
release from the anterior pituitary gland, to gonadal development and to increased st¢
production. Under a short photoperig@levatedDio3expression coincides with loWsh>andDio2

expression resulting in low concentration of bioactiyefd to reproductive inactivity. In the cas
of shortday breeders the TSH/ DIO cascade is preservedgiudsTan inverted effect on GnR
secretion.
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The TSHDIO pathway is at the core of photoperiodism in mammals and biidsie 5 and

as discussed earlier there are strong evidence through photoperiodic experiments that
photoperiodism is circadiabhased in both classes. It is theref@eeasonable assumption that
this central regulatory pathway is circadihased as well and there are several lines of
evidence to support this inference.

(1) Asdescribedpreviously LH can be used as reliable assay to confirm photoperiodic
induction through experimental photoperiods, especially in birds. The release of LH
and other gonadotropins into the circulation is ultimately controlled by the release of
GnRH into the pars distaland by the gene cascade described above. In line with this,
skeleton photoperiods have been shown to not only excite the release of Leréut
also able to excite the TSBIO cascade controlling this relegb&ajumdar et al., 2015;
Yoshimura et al., 2003)

(2) Mammals and birds show both rhythmical clock gene expression in the PT/ MBH
region. In Japanese quathis rhythmical expression within the MBH region is
unaltered by exposure to different pbtoperiods which is argued in favour for an
external coincidence mod€Yasuo et al., 2003Clock gene expression and therefore
the photoinducible phase remasrconstant relative to the dawn signal andrg as a
consequence, be stimulated by a long photoperiod or rigtérrupting light pulse
(Yasuo et al., 2003ptudies within the PT in quail show shifted expressio@rgf
(Yasuo etl., 2004)which, relative to a stabl®er2expression, was argued in favour
for an internal coincidence model. Likewise, studies in sh@es(aries(Lincoln et al.,
2002)and hamster Cricetus cricetuand Phodopus sungoryigJohnston et al., 2005;
Toumier et al., 2007¥3how characteristics of shifting clock gene expression within the
PT.

(3) Clock genes attrol the activation of the TSH/ Digathway at least in mammals. In the
PT, long day inducellsh>expression coincides with or is precededBya3expression
(Dardente et al., 2010; Nakao et al., 20BY A3 acts as transdrgnal ccactivator for
Tsh>expression(Dardente et al., 2010; Masumoto et al., 20H0)d expression of
mammalianEya3is dependent on dox driven activation through the clock genes
Bmall, Bmal2and Clock(Wood et al., 2020)
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1.4 Circadian rhythms and photoperiodism in the Arctic

Circadian clocks are theoeid to have three adaptive values: external synchronisation with
the environment, internal harmonisation of metabolic processes and, as outlined above,
forming the basis for photoperiodism at least in mammals and Ifidds and Beersma, 2011,
Vaze and Sharma, 2013Fertain environments, such as the polar regionight pose
contradictory selection pressures on these values.

Polar latitudes are characteed by the polar day and the polar night, conditions under which
day-night cycles are not present for long periods of the year. Other daily environmental cycles,
such as ambient temperature and food availability, are generally diminished as well under
these conditionsThere is a vast literature concerning daily behaviour and physiology in Arctic
animals Figure 6A (see also review frorVilliams et al. (201%) The sum of these studies
reveal a broad spectrum on circadian control over behavioural rhythmicity in the Arctic. While
some Arctic animals are arrhythmic predominately ultradian under the constant photic
condtions of the polar day and polar nighe.g. Svalbard reindegBvalbard ptarmigan and
muskox (Lindgard and Stokkan, 1989; Reierth and Stokkan, 1998a; Stokkan et al., 1986a;
Stokkan et al.1994; van Beest et al., 2020; van Oort et al., 200ers including polar bears,
arctic ground squirrels and several migratory birds retain rhythmicity under constant Arctic
light conditions(Ashley et al., 2012; Ashley et al., 2014; Steiger et al., 2013; Ware et al., 2020;
Williams et al., 2012a; Williams et al., 2017bhe function for retained rhythmicity might
range from social synchronySteiger et al., 2013jo a contirued need for external
synchronigtion, as many Arctic animals, such as the arctic groundrst, are still subjected

to pronounced cycles in ambient temperatuiieong et al., 2005)n fact, many Arctic animals
who retain daily rhythmicity havpopulation boundaries extending south of the Arctic Circle
or are migratory and are therefore only partially exposed to Arctic conditions and the selection
pressures there within igure 6A. In contrast, permanent residents of Svalbard are
geographicallysolated within Arctic conditions all year around. The archipelago of Svalbard
reaches from 7%4to 81° north latitude and is as suchHighArctic habitat cut off from lower
sub-Arctic landmasses (contrary to North America, Greenland, Siberia and Scaadimis
makes it afascinatingnatural laboratory to investigate chronobiological adaptations to the
Arctic.

On Svalbard, the Sun remain&° below the horizon between midovember and February

but is constantly above the horizon between rfigril and mid-September Figure 6B.
Svalbard reindeer and Svalbard ptarmigBox 2, two permanent residents of thidighArctic
archipelago, exhibit arrhythmic behaviour during the extended periods of constant photic
conditions, i.e. polar day and polar niglhindgard and Stokkan, 1989; Reierth and Stokkan,
1998a; Stokkan et al., 1986a; Stokkan et al., 1994; van Oort et al., 2dt#g been proposed
that suspending the daily organisation of behaviour and physiology is adaptive to the
arrhythmic conditions of Svalbafdlin et al., 2019; Lu et al., 2010; Stokkan et al., 2007; van
Oort et al., 2007)For example: during the polar night on Svalhaedative mild climate is
interchanging with cold spells, causing unpredictable occurring ice covers ovairdaely
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sparse vegetatior(Pedersen et al., 2006; Pedersen et al., 20Q5)der these conditions,
herbivores such as the Svalbard ptarmigan must be physiologically permitted to feed anytime
conditions are allowing iPedersen et al., 2006; Stokkan, 1992)

Conversely, species inhabiting Svalbard are subjected to large annual variations and express
strong seasonathythms such as reproduction, moult and pronounced body mass cycles
(Arnold et al., 2018; Lindgard et al., 1995; Stokkan, 1992; Stokkan et al., 1995; Stokkan et al.,
1988; Stokkan et al.,, 1986bYhese seasonal life traits are energetically costly ted
incorrect timing would have negative effects on survival and reproductive su@€edsr et

al., 2008; Reed et al., 2013hotoperiodism must be under strong selection pressure in
seasonal environments and this selection pressure may be expected to extend to the
underlying mechanisms of temporal organisation, including the circadian system.

In conclusion, permanent residents Svalbard seem to be exposed to opposing selection
pressures on the circadian system. The temporal arrhythmic environment would disadvantage
strong imposed rhythmicity in behaviour and physiology while the need for correct seasonal
timing would favour réable innate rhythmicity to form the basis for photoperiodism.

15



Figure 6. Arctic animals and where to find themescription on the next page.
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Figure 6. Arctic animals and where to find them.

(A) Many organisms have been studied in terms of their chronobiological adaptation to the /
but many of them also belong to populations extending south of the Arctic Circle (Arctic
indicated by red dotted line). The map shows eight prominent examf studied Arctic
inhabitants (colour coded) with their corresponding population range (transparent colours)
their respective location of the study (coloured dot). The corresponding publications are as fo

1: Body temperature, activity andagdk gene rhythms in arctic ground squir¢(ideno et al., 2017;
Williams et al., 2012a; Williams et al., 2012b; Williams et al., 2017a; Williams et al., 2017b)
2: Activity rhythms in North American polar bg&vare et al., 2020)

3. Activity, melatonin and clock gene rhythms in Lapland longspur (North America breeding |
(Ashley et al., 201ZAshley et al., 2014)

4: Activity rhythms in Greenland muskfsan Beest et al., 2020)

5: Activity and melatonin rhythmm Svalbard ptarmiga(Reierth and Stokkan, 1998a; Reierth
al., 1999; Stokkan et al., 1986a)

6: Activityrhythms in Svalbard reinde€Arnold et al., 2018; van Oort et al., 2005; van Oort et
2007)

7: Clock gene rhythms @alanus finmarchicu$itippe et al., 2020)

8: Foraging rhythm in buffailed bumblebee in Northern Finlar{@telzer and Chittka, 2010)

(B) Equatorial latitudes are defined by little seasonal variation in photoperiod and o
environmental factors such as temperature or food availability (environsaith wet and dry
seasons excluded). In sharp contrast, pladarregions are defined by drastic changes in day len
with extended periods of either constant light (polar day) or constant night (polar night
addition, the Arctic is extremely seasdnéth short growing seasons and harsh winters.
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Box 2. The Svalbard ptarmigahggopus muta hyperbore&undevall, 1845)

The Svalbard ptarmigan is a subspecies of the rock
ptarmigan, a high altitudinal/ high latitudinal grouse species.
It has settledthe archipelago of Svalbard (7# 81° north
latitude) after the last Ice Age (10.00@2.000 years ago)
most likely from SiberigSahlman et al., 2009)Svalbard
ptarmigan only migrate localfFuglei et al., 201 @nd were
isolated from other rock ptarmigan populations after
colonisation(Sahiman et al., 2009pue to its norAmigratory
habit, the Svalbard ptarmigan is the northemost resident
bird species and is as such subjected to the polar day an
polar night and the climatic and photoperiodic challenges
that comewith it. Class: Aves

. . Order: Galliformes
Svalbard winters are long and cold, with limited access td o .
Family: Phasianidae

food. Adaptations to these climatic challenges include a hig ]

. L _ gl Genus: Lagopus
insulated plumage, roosting in the snow and big fat depositg
(up to 35% of its body mass) serving as insulation and energ
emergency ration over the winte(Mortensen and BIix,
1986; Mortensen and Blix, 1985; Stokkan, 1992)

Speciest. muta

Captive Svalbard ptarmigan under natural Svalbard light and temperature show no daily rh
in behaviour under the polar day and polar night, while they are diurnal in the peridzistween

(Reierth and Stokkan, 1998a; Stokkan et al., 1986k¢wise, Svalbard ptarmigan hold in light a
temperature controlled rooms show no daily rhythmicity under constant light and cons
darknesgReierth and Stokkan, 19981 loss of behavioural rhythmicity is common in birds uni
constant bright light but uncommon under D@@anshirt et al., 1984; McMillan et al., 197
Simpson and Follett, 1982; Yamada et al., 198B)sma melatonin cycles are rhythmic under lig
dark cycles but become also attenuated under natural coriskigiht (data is missing for DC
(Reierth et al., 1999)The sum of these studies sugga lack of imposed circadian rhythmicity ¢
behaviour during periods of constant light and constant darkness in nature and captivity.
further suggest that Svalbard ptarmigan do not entrain to any photic zeitgeber during the

day and polar nightsuch as light intensity or spectral compositi@gkshley et al., 2012; Krl|
1976b)

This temporal loss of daily organised behaviour is most likely an adaptation to their High

environment. Svalbard ptarmigan experience long periods of constant Gght(month without
sunset) and constant darkness (ca. 4 month without sunrise) as well as fast changing photoj
in-between (15 40 minutes/ day)Kigure 6B. During periods of constant photic conditions, da
cycles in ambient temperature and fo@dailability are attenuated as well. These are conditic
under which a strong imposed daily organisation of behaviour and physiology migkt
maladaptive. For example, Svalbard ptarmigan must be physiologically able to feed wheney
unpredictable weater conditions on Svalbard permit(Redersen et al., 2006; Stokkan, 1992)

18



Box 2 continued

JVSE EC 8} 3Z ]E ZA I JE v EZC3Zu] ]3CU "A o &E
reproduction, seasonal fattening, food intake, plumage and activity are all under photoper
control, i.e. are timed according to the annual change in dagtle Under increasing verne
photoperiod, ptarmigan show decrease in body mass, moult from the winter plumage intc
brown summer plumage and increased activity through-lpreeding and territorial behavioul
(Lindgéard and Stokkan, 1989; Lindgard et al., 1995; Stokkan et al., 1995; Stokkan et al.,
Reproduction and chick rearing takes place in the summer, followed by autumnal fattenin
moult into the winter plumagé€Steen and Unander, 1985; Stokkan et al., 1988byw much non
photoperiodic cues and circannual rhythmicity (endogenous calendar) contribusedsonal
timing mechanisms is currently unknown but past and ongoing photoperiodic experimer
these birds show clearly that the respective photoperiods are sufficient to trigger and term
all seasonal life traits.
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2. Research aim

Physico}P]*8 v E} o WE]lI AJvv E pPueS <E}PZ 5 Fordv Z]+ %
large number of problems there will be some animal of choice or a few such animals on which

it can be most conveniently studie(Krogh, 1929)Thecombination of their isolated igh

Arctic habitat Figure &) and the possibility of controlled photoperiodic and molecular
experiments makes the Svalbard ptarmig&woX 2 arguably the most convenient model

explore chronobiological adaptations to the Arctic.

Published work indicates that Svalbard ptarmigan are arrhythmic in behaviour undeoltire

day and thepolar night (Reierth and Stokkan, 1998a; Stokkan et al., 198bB&ewise,
melatonin rhythms are attenuated under these conditigiierth et al., 1999While these
studies suggest a diminished role for the circadian system in the control of locomotor activity
and pineal function, other aspects and outputs of tieadian system remain unexplored. In
this thesis, | aimed to address circadian involvement in two aspects of animal physblogy
particular relevance in an rétic setting: thermoregulation andeasonal photoperiodic
synchronistion.

Rhythms in core bodgmperature (F) can be sustained despite disruption in activity rhythms
(Murakami et al., 2001; Satinoff and Prosser, 1988)a thorough investigation on,Tycles
and its circadian control is missing wafbard ptarmigan. In an attempt to fill the knowleslg
gap and to further charactemsthe circadian properties of our Arctic model, we used a
combination of implantable temperature dataggers (iButtons) and passive infrared
actimetry to investigate sland activity rhythms in Svalbaptarmigan when entrained to light
darkcycles or acclimated to constant illumination levelader ). In an additional experiment,
we further explored effects of dampening os rhythms whenentrained birds are acutely
transferred toconstant light(LL) or constant darknes<JD).

Studies on activity and, Thythms explore lhe circadian role fodailysynchroniation with the
external environment but as outlined above, the significance of circadian rhythmicity in the
Arctic might rather be found in its role for photoperiodism. For this reason, the second part
of this thesis faper Iland paper II) aimed to study the photmeuroendocrine cascade in a
polar animal and to determine whether photoperiodism in a High Arctierenment has a
circadian basis.

Specifically, irpaper Ilwe tested if circadian entrainment is necessary for photoperiodic
responses. Svalbard ptarmiganséobehavioural rhythmicity in DD and LL. If this loss in
behavioural rhythmicity reflects loss om@ogenous rhythmicity, birds held in constant
conditions might not be able to sustain the circadian rhythm necessary for photoperiodic
responses. For this purpose, we directly transferred birds from DD to LL and measured gonadal
response and expression pifiotoperiodic key genes within the PT and MBH.

In paper lll and in additional data, we extended the analysis on circadian basis of
% Z}5}% E]} ] E *%lve o Jv "A 0 E %S Eul]P v C Z(]E+S o}v
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photoperiods. Both photoperioditreatments were supplemented with analysis looking at
overt changes in seasonal physiology and at molecular events within the PT and MBH, as well
as locomotor activity to assess entrainment to the lighting regime employed.
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3. Results andiscussion

Here, | report and discuss the studies that form this thd2aper ll]s %o 0]¢Z v Z:}uEV C
£ % E]Ju vS odoi 10.1P42/[eb-22069Pwhilepaper landpaper lllare under review

at the time of writing this thesis?aper land paper Il are alsosupplemented by additional

experimentsand analysishat will presumably be included mrevised manuscris

The experiments that make up this thesis study the circadian and photoperiodic system of the
Svalbard ptarmigan and especially expl the involvement of circadian rhythmicity in
photoperiodic responses in thidigh Arctic organism. All experiments were conducted on
captive Svalbard ptarmigan held in temperature and light controlled rooms.

3.1 Paper |: Body temperature and activititythms under different photoperiods in High
Arctic Svalbard ptarmiganL@gopus muta hyperborea

In paper | we further characterisd the behavioural and physiological phenotype of Svalbard
ptarmigan by studying rhythms of core body temperaturg) (i different photoperiods. In
general, the dailyplrhythm is defined as high temperature during the active phase and lower
temperature during the rest phase. Despite its temporal association with activity, ghe T
rhythm is an independently controlled featuie endotherms and is known to be under
circadian control(Murakami et al., 2001; Refinetti and Menaker, 199t its function
remains uncertain. The lowering of during the rest phase might decrease the cost of heat
production but the amplitude of thepFhythm is possibly too small to have a significantactp

on the energy budgefMenaker, 1959; Refinetti and Menaker, 1998])ternatively, § might
serve the magr circadian clock to synchroeigeripheral clocksBox 1), as temperature
changes within the physiological range can sustain rhythmicitgammalianliver and lung
cultures (Brown et al., 2002; Buhr et al., 2010)

In Svalbard ptarmigan, melatonifiReierth et al., 1999and activity rhythmgReierth and
Stokkan, 1998a; Stokkan et al., 198689 well characterisd and with the experiments of
paper | we aimedto provide a similar characteaion for the T rhythm. Through its
connection to the circadian clock, being eitl@esimple output or a synchrorig) avenue, the
investigation of the Jrhythm in Svalbard ptarmigan might give insgjinto the nature of the
circadian system in thidighArctic bird.

Forthispu@E %} U A Ju%o v3 Z] uss3}v[ 8 u% & SuE o}PP E ]v§}
measured ¥ alongside activity in different photoperiods while keeping ambient temperature
constant. Experimental birds were either held under short photoperiod (SP, L:D 6:18), long
photoperiod (LP, L:D 16:8), constant light (LL) or constant darkness (DD). Sviabargam

in SP and LP shedclear cycles inpland activity, with highglduring the diurnal active phase

and low T during the nocturnal rest phase. In LL and DD, both activity artuyihm showved

no daily rhythmicityfor the analysedoeriods For actiity, however, we observed ultradian
rhythmicity in LL. In birds under St further observed a clear rise ig Before the lighton
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signal andbeforerise in activity. This anticipatoiycrease in gsuggests the presence of a
functional timekeeping meamnism involving the circadian system.

It must be noted thatluringthe recording under DD, birddten expressed transient peaks in

Ty that are reminiscent of sustained rhythmicity. However, we ascribe this observation to
regular husbandry and stress redd increase in ff(Nord and Folkow, 2019)n a recent, so

far unpublishedexperiment we measured,Tn DD and LL again and improved husbandry by
minimizing disturbance and varying entry timesénext chapter).

In conclusion, during times with a ligdark cycle, the Svalbard ptarmigan employs a time
measuring system, likely the circadian clock. Contrary, under constant photic conditions this
system seems either to uncouple from its output @ed dampen in rhythmicitgBloch et al.,
2013) allowingarrhythmidty in T.

3.2 Extension to pper I: Dampening obody temperaturerhythms

Having established that daily rhythmicity ini3 lost in captive birds under LL amst likely
under DD paper ), we asked the question if and how fast this rhythm dampens in-light
entrained birds transferred into these constgrtiotic conditions.

In a so far unpublished experimente have entrained seven Svalbard ptarmigan to a L:D
12:12 schedule for 25 days areleased them directly into DD for 20 days. Thereafter we re
entrained the birds to L:D 12:12 for 20 days and released them into LL for another 20 days.
During this photoperiodic treatment we measur&gwith intraperitoneal implanted iButtons

at a 30m interval. Dampening rhythmsvere analysedby fitting following damped sine wave
function (GraphPad 8):

L #ILHE P&®%WH P tHe L SDANAL @A?2KIOP=JP
’ ‘9=RAHAITP a -

Additionally half-life times (&2, time by whichthe rhythm dampened bialf)were calculated
for each individual bird

Zst:

Rel
Haltlife times between DD and LL wehen compared by paired-test (GraphPad 8).

In both casesthe birds expressed dampening rhythmKigure 7A. WhileTy in LL dampened
rapidly (halflife time = 1d 23 1d 12h, mearx SD), the rhythm dampeneslower in DD (5d
12h+1d 17h, p = 0.004 by paireddst) (Figure 7B. Exposure to constant bright light disrupts
activity rhythms in a range of bird&anshirt et al., 1984; McMillan et al., 1975; Simpson and
Follett, 1982; Yamada et al., 1988his disruptive effect of LL might also explain the fast
dampening ¥ rhythm in Svalbard ptarmigan under LL.
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Figure 7. Svalbard ptarmigan show dampeningfiythms under DD and LL.

(A) Double plotted Factogram of a representative bird entrained to L:D 12:12 and transferred
DD, reentrained and released into LL. Next to theattogram, 10 consecutiveagls of dampening
Ty rhythm are shown for the same representative bird. The first day is L:D 12:12 and the foll
nine days are either in DD or LL. In each case the fitted sine wave showed a dampening
(orange wave). Respective hiifé times (oange vertical line) for the representative bird are give
The T-actogram is plotted between 40 and 42 °C. Grey shadingsactdgram and time series
indicate phases of darkness.

(B) Haltlife times of all seven birds between different photoperiods weoenpared by paired-t
test. The T, rhythm dampened significantly slower in DD than inData is displayed as mean + S
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| further analysed fregunning periods in th& rhythm for all severbirds under DD and LL

(Figure §. For this purposegach 20-day recordingin DD and LL was dividedinto 10

consecutive days and analysed withperiodograms(Sokolove and Bushell, 197&or the

first 10 days in D[all birds showed freeunning rhythms with periodknger than 24 h (24h

30m t 25h)while for the second.0 days in DD all but one bird lost these rhythisr the first

10 days in Llfive out of seven birds showed freanning rhythmswith significant periods,

mostof which wereshorter than 24 h (22h 30nt 23h 30m) For the second 10ays in Llall

five birds that previously showed free running rhythms lost th&heresultsfrom the first 10

days in constant conditons@&  }ve]*3 v3 A]S3Z <« Z}(([* Epo 3 3]vP §Z § ]
the free-running period is shorter in LL thamDD(Aschoff, 1960; Pittendrigh, 1960)

Like inpaper | this study further suggests thexistence of a functional circadian system in
Svalbard ptarmigan, yet one which allows fast dampening of its circadian output, rendering
arrhythmicity under LL and DD.

25



Figure 8. Freeunning T, rhythms in constant darkness and constant ligitescription on the next
page
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Figure 8. Fregunning T, rhythms in constant darkness and constant ligHDouble plotted -
actogram of seven birds entrained to L:D 12:12 and transferred into DD for 20 daygramed
and released into LL for another 20 days. Respecéyeriodograms are plotted to the right o
each F-actogram. Each periodogram analyses freening perods in either DD or LL. The bla
line in each periodogram represents the first 10 days in constant condition (day 1 to da
whereas the blue line represents day 11 to day 20 in constant conditions. Highest periods
the significance level (p < 0.0&d line) within the first 10 days in constant conditions are matrl
by a dotted line. All Factograms are plotted between 40 and 42 °C and grey shadings ind
periods of darkness.
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3.3 Paper II: Photoperiodic induction without lighhediated circadian entrainment in a
High Arctic resident bird

Knowing that loss of daily rhythmicity in Svalbard ptarmigan occurs in LL as wellgag2Db (

| and extensior Reierth and Stokkan, 1998a; Reierth ef 4099; Stokkan et al., 1986&he
guestion arises of whether a circadiaased photoperiodic response still can take place under
these conditions.

In the experiment opaper Il we used DEadapted birds and either transferred them to a
simulated natural increasing photoperiod (SNP) until they were in LL, retained them in DD or
transferred them directly into LL. All experimental photopesadere conducted over a 10

week period. We measured behavioural responses in form of activity anddgdmasponse

by weighing ovaries and testg®st mortem We also measured key genes of the TBHD
pathway within the PT/ MBH region by radioactiuesitu hybridisation Eya3 Tsh , Dio2and

Dio3. For this purposebirds were sampled as followed: in DD at week 0 and week 10; in LL
38 h and 10 weeks after the transfer; in SNP at week 5 (photoperiod L:D 12:12) and week 10
(photoperiod LL).

Svalbard ptarmigan under D8id not show any signs of reproductive response the
continuous exposure of DD, while birdeder SNP entragd to the lightdark cycle and
showed a photoperiodic response in the TSBIO cascade as well as gonadal response at the
end of their photoperiodic treatment. Importantly, birds directly transts from DD into LL
showed also clear signs of a photoperiodic response in form of increased expresdtya®f

Tsh andDio2 decreased expression bfo3and gonadal response, while being behaviourally
arrhythmic in both conditions. This resporsek place within 38 hafter the transfer andvas
sustained over 10 weeks in LL. This shows that circadian entrainment to-ddigfhtycle is

not required for a photoperiodic response in Svalbard ptarmigan. For this reason, Svalbard
ptarmigan must either emplpa circadian rhythm whictan besustained throughout DD but

Is disconnected from activity, or they must be able to initiate a sufficient rhythm to measure
photoperiod througha single transition from DD to LL.

3.4 Paper lll: Adaptive value of circadiamythms in High Arctic Svalbard ptarmigan

In paper Ill, we further addressed the circadian basis of photoperiodism in Svalbard
ptarmigan. In the first part, we measured clock gene expression alongside expression of key
genes within the PT/ MBH region iirds under LL. We entrained two groups of birds to L:D
6:18 and then released one group into LL while the other group remained unbes:18In

both groups, we sampled birds éN4) at5-h intervals for 24 h and measured expression of
the clock gene€nl andPer2as wellasthe expression ofsh , Dio2and Dio3within the PT/

MBH region. The rhythm dfryland Per2expression in the PT and MBHasvunaltered
between the groupsSimultaneously, the expression patterns T@h , Dio2and Dio3were
strikingly similar to those seen in quail in response to an acute photoperiod extgiNasao

et al., 2008)
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In the second part of the study, we subjected birds to a skeleton giestod in which the

first light phase of4 h was fixed and the second lighhase of2 h was shifted away from the

first one in increments of 2 h every week. The skeleton photoperiod in which the second light
phaseoccurred14 to 16 h after the beginning of the first light phase (Z71&%induced a
photoperiodic response in terms of increased fmeeding activity and rapid decline in body
mass. This photoperiodic response gradudilyinished as the second lighhase was shifted
further.

In the last part of the study, we exposed birds again toi&ist skeleton photoperiod but
halted the second lighphase after it reached ZT 146. We let birds remain in this
photoperiod for an additional two weeks before they were sampled. In these birds we
measured increased expression@ib2and decreased expssion ofDio3compared to SP
control birds(birds held at L:D 6:18)

Taken together, these results demonstrate that the PT/ MBH regidtigii Arctic Svalbard
ptarmigan possesses the circadian elements necessary for a rHydised photoperiodic
resporse (first part of the study) and that this system can be triggered by a skeleton
photoperiod (second part). This suggests that the circadian clock underpins photoperiodic
sensitivity in Svalbard ptarmigan.

3.5 Extension to pper lll: Reentrainment ina shifting skeleton photoperiod

In paper I} we subjected Svalbard ptarmigan to a shifting skeleton photoperioglhich we

fixed a 4h lightphase and moved a seconddightphase backward b¥h every week[Figure

9A). Birds eposed to this light treiament showed a transient longay response between
week 5 and week 7 of the experiment, and returned to their sliay phenotype thereafter.

This observation can be explained through two potential mechanisms. The first, can be
described as the shing light phase moving in and out of the photoinducible phase (external
model) or moving oscillating factor in and out of the necessary phase relationship (internal
model). Alternatively, the data can be explained apeaceptualshift of the dawn signal
(Takahashi and Menaker, 1982Agcording to this explanation, #te start of the experiment

the light-on switchof the fixed lightphasewas received as dawn signathile from week 8
onwards the ligh-on switch of the moving liglghasewasperceived as dawnConsequently

the moving lighphasewassetting the rhythnmecessary for thehotoperiodic response from
week 8 onwards and the fixed lighbase, due to its proximity to the moving lighttase was

not received as longlay signal.

In support for the second mechanism, | provide here analysis ocdane anticipatory
behaviour Figure 9B). In this analysjd used activity counts 1 h before ahighton signal of

both lightphases of the skeleton photoperiokhitially, Svalbard ptarmigan showed increased
activity immediately before the fixed ligltn signal but very little change activity before

the moving lighton signal. This changed abruptly in week 8 of the experiment. From week 8
onwards anticipatory activitywas more pronounced before the moving ligiphase. This
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suggests that the lightn signabf the moving light phaserasfrom there orwardsconsidered

as dawn. This interpretation is consistent with the view that entrainment of the damped
circadian system of the Svalbard ptarmigan has consequences both for daily behaviour
patterns (dawn anticipation) and seasompdiotoperiodism (return to shorday phenotype).

As described in the introduction, the quail, in contrast to starling or whitevned sparrow
(Follett et al., 1974; Gwinner and Eriksson, 1977; King et al., 1889¥@ars to reentrain to a
re-occurring lightpulse in Nandadamner protocad rather than to track it Eigure 4. Based

on our analysist can be concluded that the photoperiodic system of Svalbard ptarmigan
resembles that of a quail in this respect

Having an easily rentrainable rather than a strong sefistained rhythm might be
advantageous on théligh Arctic archipelago of Svalbar@ihe periods between polar night
and polar day are chacterised by fast changes in ddgngth (1540 minutes/ day). The
flexible circadian system of the Svalbard ptarmigaualdallow fast reentrainment to the fast
changing photoperiod and can thereforgrovide precise photoperiodic measurements.
Contrarily, birds like starling and sparrows with robust circadian systems migdritrain
slower and might not be able to track the fast changing photoperiod accurately.
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Figure 9. Predawn activity moves from one light phase to the other in a shifting skeletc
photoperiod experiment.

(A) In the skeleton photoperiod giaper lllwe fixed a 4h light phase while moving a seconh 2
light phase every week by 2 h. The figsf®ws the experimental design with a correspondi
single plotted actogram from a representative bird. Grey shadings indicate periods of darkn

(B) At week 8, activity before the first light phase decreased while it increased before the se
light phase, suggesting that the lighh signal of the second light phase was received as d
signal from week 8 onwards. Data displayed as me&&M (N = 12).
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3.6 Extension to pper lll: Freerunning activityrhythmsin Svalbard ptarmigan

Svalbard ptarmigadisplay normally no daily rhythms under constant photic conditions, but
there are exceptions. Ipaper Il we observel several birds expressing freenning daily
activity rhythms FigurelQ). Thebirds in which we observed fregnning behavioubelonged

to the increaang photoperiod group (Hgroup), whickserved as positive contrad the shifting
skeleton photoperiod (Sk&roup). In the IRyroup, we fixed the lighon signal and extended
the lightoff signal by2 h every week so that it resemdd the SkPgroup in terms of light
timing. Birds of the Hgroup, therefore, experienced an increasing photoperiod until they
reached LL, in whic5 out of 12 birds showed freminning activity rhythms with periods
ranging from 23h 30m to 28h 30m (as measl by -2 periodogram(Sokolove and Bushell,
1978). All birds with showed free running activity were housed together (12 birds in the IP
group divided into two separated room; 6 birds/ room). For this reason the number of birds
expressing a truéee-running rhythm might be overestimated as one dominant fraaning

bird could have caused aligned activity in other birds.

Occasional freeunning activity rhythms further confirm conclusions made in this thesis: High
Arctic Svalbard ptarmigan retaia functional circadian system and this ascasionally
reflected by freerunning activity patterns under certain experimental light conditions.
However, the experimental conditionsider which we obsendfree-running behaviour are
not reflecting theimatural habitat. Svalbard ptarmigan hold captive in Svalbard under natural
light and temprature conditions show no frerinning but tonic behaviour during the actual
polar day and polar nigi{Reierth and Stokkan, 1998a; Stokkan et al., 1986a)

Interestingly, 4 out of the 5 birds with frenning activity rhythms had frerinning periods
longer than 24 h. This contradicts the obseryatie u lv Z %S E ZiXi1 AS ve]}v S}
There, birds under LL displayed free runniaghythms with periods shorter than 24 h.
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Figure 10. Artificial light experimenfiollowed by constant light can lead to freeunning activity
rhythms. Both representative birds underwent a photoperiod in which they were transferred fr
constant darkness to L:D 6:18 and experienced a dusk signal extension by 2 h every week u
reached constant light. The left bird showed no fre@ning daily activity uder LL(red bar) while
the right bird showed a freeunning activity rhythm with a period of 26h 22m. The activity dat:
displayed in doubkplotted actograms with their respectivé periodograms underneath (the rec
line indicates a walue of 0.05 of Zdistribution).
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3.7 Discussion

Svalbard ptarmigan show no daily rhythms in activity anehtierLL or DDWhile behavioural
arrhythmicity in birds under constant bright light is common, the loss of rhythmicity under DD
is not (Géanshirt et al., 1984; McMillan et al., 1975; Simpson and Follett, 1982; Underwood,
1994; Yamada etla 1988) This suggests that the loss of daily rhythmicity under constant
photic conditions is an adaptation to the Higinctic environment of Svalbard. Despite this
weak circadian control over behaviour and physiology, Svalprmigan still seem to utiks
circadian rhythmicity for seasonal responses.

It remains unknown how this dichotomy is achieved in HighArctic bird, but the structure

of the avian circadian system might provide some explanation. In contrast to mammals, the
avian circadian system contains at least three circadian master clocks: the pineal gland
(Deguchi, 1979; Zimmerman and Menaker, 19%% retina(Underwood et al., 199@nd the

avian SCKSimpson and Follett, 1981; Takahashi and Menaker, 1988a)f them are able to
entrain to a lightdark cycle and produce rhythmicity endogenou@Brandstatter, 2003;
Cassone, 2014but none of them seems to provide the circadian basis for photoperiodism.
Neither SCN removal nor edeation or pinealectomy can abolish photoperiodic respanse
birds while having specieependent effects on activity rhythm@®enoit, 1964; Davies and
Follett, 1975; Menaker and Keatts, 1968; Menaker et al., 1970; Siopes, 1983; Siopes and
Wilson, 1974; Wilson, 1991he most reasonable explanation is that the PT/ MBH region acts
as an independent oscillator and provides its own circadian basis éwopériodism. In birds,
deep brain photoreceptors, such as neurop@ilakane et al., 2010; Stevenson and Ball, 2012)
and VAopsin (GarciaFanandez et al., 2015; Halford et al., 2009¢em torelay photic
information to the PT, allowing direct entrainment to the environment. Rarinore clock

gene expression in the PMBH region can vary from clock gene expression within the SCN
and pineal gland in quail, suggesting independence between {fYasuo et al., 2003; Yasuo

et al., 2004) In the case of Svalbard ptarmigampropose that rhythmicity must be retained
within the PT MBH region to provide the rhythm for coincidence timing, while rhythmicity
may be lost within the part of the circadiagstem controlling daily orgar@son of behaviour,
metabolism and physiologyigure 114).

This loss of rhythmicity could be achieved through different mechanisms as outliBdoicim

et al. (2013) It is possible that the circadian system is endogenously rhythmic even under
constant conditions but that this rhythmicity is disconnected friimoutput. Alternatively,

the rhythm produced by the central system might dampen under constant conditions and re
initiates once zeitgebasrbecome availablagain The third option is a combination of the
former two: individual cells of the circadian mast clocks retin rhythmicity but
desynchronis from each other in constant conditions leading to arrhythmicity on tissue level
and in the output after a period of dampeningigure 1B) (Balsalobre et al., 1998; Nagoshi
et al., 2004; Welsh et al., 2004)his alternative has appeas it would be parsimonious with
the retained rhythmicity within the PT/ MBH region. In this scenaaahTsh expressing cell
within the PT would act as an independent coincidence timer, whiesydehronigs from its
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surrounding cells in constarghotic conditions, i.e. without entrainment. Rhythmicity on
tissue level would be lost but the rhythadependent output would be retained, i.e. increased
Tsh expression and the photoperiodic response in reproductiigyre 1T).

Our own data and unpubhed results abouTsh expression within the PT is compatible with
this scenario. Ipaper Il we observed increasefish expression and subsequent decrease

13 h after the transfer from SP to LL. This is arguably because individimir&fophs are

still synchronisd. Inpaper Il however, we were able to measure hifleh expression after

10 weeks in LL. Itis unlikely that all the birds are all in the same circadian phase after 10 weeks,
yet we measured consistently higfsh expression in all of thenSimilarly inpaper Il the
SNPgroup was exposetb a gradual increasing photoperiod until reaching LL. After four days
in LL we sampled the birds, all with a consistently High expression Lastly in another
unpublished experiment we transferred bgdfrom a short photoperiodto a gradual
increasing photoperiod and sampled them after two weeks in LL with the same result: all birds
have consistently higiish expression. All these results suggest that Svalbard ptarmigan,
show constant higii'sh expression within the PT under prolonged LL.

PTFcells with retained caicidence rhythmbut desynchronied from their neighbouring cells

can explain a constant higrsh and a sustained photoperiodic response infigre 10). If

the same mechanism applied to the part of the circadian system controlling behaviour and
physiology we can likewise explain the loss of rhythmicity under constant photic conditions as
desynchronised cells are unable to produce a rhythmic tispendent output Figure 1B).
Hence the model proposed ifrigure 1luses the same mechanism to describe how Svdlba
ptarmigan can temporarily B® one circadiaialependent output (activity, ol melatonin) while
retaining another (higi'sh expression in the PT and a consequent photoperiodic response).

05 Ev 3]A oCU 8Z ~"A 0o E %3 Eu]P vased phdtderiddisnibeb o} ]S
to escape the circadian dictation on behaviour in consfamtic conditions can be explained
by a dampening endogenous rhythm controlling all outputs in combination with positive
feedback loops. In this scenarmhotoinduction would be achieved within thedtrcycles of a
dampening rhythm. After photoinduction, thikiythm would break dowrand a sustained
photoperiodic responsewould be ensuredthrough positive feedbackoops The data
presented in this thesis might be very well explained by such a scenario and future research
could aim toresolve between the two mods described here.
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Figure 11. Proposed model of a circadian system adapted to the High Arctic.

(A) The avian circadian system is comprised of three circadian master clocks: the avian St
pineal gland and the retina. All of them are entrainable and produce rhythmicity endogenc
Additionally, the PT/ MBH region might act as another master ckmt&mnly providing the
coincidence rhythm necessary for photoperiodic responses. This structure might allow the Sv
ptarmigan to lose rhythmicity in behaviour and physiology while retaining rhylibsed
photoperiodism.

(B)In the part of the circadiasystem comprising the avian SCN, pineal and retina, daily rhythn
in the output might be lost due to cells that retain circadian rhythmicity but desynchronise -
one another.

(C)By the same mechanis®Fthyrotrophs might become desynchronised froeach other but
continue to act as coincidence timers as individual units. This would result in cofighnt
expression across the PT and would ensure a sustained photoperiodic response in reproc
throughout the polar day.
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4. Conclusion

In paper | and its extensionwe have confirmed that HigArctic Svalbard ptarmigan are
behavioural and physiologically arrhythmic in constant conditions. Begpe normally
occurring brealown of daily rhythmicity in the absence of lighiediated entrainment, \&

were able to trigger a photoperiodic response in these conditionsjer Il This suggested

that photoperiodic responses in Svalbard ptarmigan are mediated by either a sustained or
rapidly initiated coincidence rhythm. Ipaper Ill we provide the evidnce for circadian
rhythmicity in the PT/ MBH region and suggest it to be used as basis for photoperiodic
responses in reproduction, reproductive activity and body mass.

The circadian system of Svalbard ptarmigan hence displays a dichotomy perfectly gsiitin
High Arctic habitat: it retains aspects of circadian organisation necessary to support
photoperiodism while allowing temporal organisation of behaviour and physiologgdape
circadian hegemony in constant light and constant darkness

This dichotory might be explained through the muttiscilator organisition of the avian
circadian system and future research could aim to explore this hypothesis.

37



5. Ongoing and future research
5.1Ptarmigan genomics

Based on above described studielsave concluded that Svalbard ptarmigan have a functional
circadiansystemthat forms the basis of their photoperiodic responses. This assertion is
further supported by ongoing analysis of clock genes in rock ptarmigan genomes that are
available througftollaborations with the Hoglund group at the University of Uppsala, Sweden
and the Magidsson group at University of Akureyri, Icelgidzma et al., 2016)

In silico analysis of the circadian gene network can provide valuable irssigiid
chronobiological adaptations to different environments. For exampleinasilicostudy on
reindeer genomes concluded that a mutation impaired the function of PER2, which might
affect the generation of circadian rhythmicity leading to the arrhythmic behaviour that can be
observed in reindeer under constant photic conditighs et al., 2019; van Oort et al., 2005;
van Oort et al., 2007) have conducted similam silicoanalysis on a rock ptarmigan genome,
based on samples from Icelandic ptarmigan. More specifically, | have extrs@tjuences for

the clock genedArntl, Per2 Per3 Cryl Cry2and Clockand translated them into their
respective amino acid sequences. | then aligned them to other bird species and analysed the
presence of functional domains. The results of this are thatk genes are most similar to
other fowl species and all expected functional domains are present, suggesting intact
molecular circadian oscillator in rock ptarmigan.

The genomic work has only focused on an Icelandic rock ptarmigan genonibelamalysis
and collaboration is ongoing. Recentlgur collaborators have rsequenced several
individuals from distinct ptarmigan populations across a latitudinal chigu¢e 12, including
individuals from the Svalbard ptarmigan population. By compatiegHigh Arctic Svalbard
ptarmigan to the more southern populations, we hope to further uncover genetic adaptation
to the Arctic, especially in a chronobiological context.

Figure 12. DNA was sampled from different rock ptarmig:
populations. In anongoing collaboration we are studying the gene
variations of rock ptarmigan populations in habitats across differ
latitudes with highlight on the Arctic and chronobiological adaptatior
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5.2 Svalbard ptarmigan fibroblast cultures

The chronobiologal adaption of Svalbard ptarmigan excels in the fact that their circadian
rhythmicity forms the basis for photoperiodism but that circadian rhythmicity is not inflicted
upon behaviour and physiology in constant conditions. The question remains how this
dichotomy is achieved mechanistically. Current explanations include the possibility that
Svalbard ptarmigan either uncouple central circadian rhythmicity from distinct outputs or that
central rhythmicity is not sustained without photic entrainmefiloch et al., 2013)The
breakdown in rhythmicity might either be caused by dampening of molecular rhyttynoci

by desynchronisd cell§Balsalobre et al., 1998; Nagoshi et al., 2004; Ohta et al., 2005; Welsh
et al., 2004)

In order to distinguistbetween the different explanations we are using fibroblast cultures
from Svalbard ptarmigan. In an initial experimefigure 13, we synchronisd fibroblast
cultures with a serum shogiBalsalobre et al., 199&nd measured clock gene expression
between 24 and 48 h after the serum shock by gPCR. The clock gene expre€sidniy2
Per2 Clockand Arntl were all tonic. OnlyPer3expression showedignificant chages across
the measured period (onevay ANOVA, degree of freedom= 7, £491,p = 0.0026). These
results showthat rhythmicity cannot be sustained in fibroblast cultures of Svalbard ptarmigan
but at the current point we cannot distguish how rhythmicitys lost:breakdown of molecular
rhythm or desynchronid cells Ongoing researcimcluding single cell imaging and clock gene
reporters might shed further light on this matter.

Figure 13.In vitro analysis of clock genes in fibroblast cedlltures have revealed tonic
expression levels 24 h after a synchronising serum shdeir8 excepted). These preliminary
results either suggest that fibroblasts cannot sustain rhythmic clock gene sstpneor that
individual cellsle-synchronise from eachther rapidly. Dots symbolise meaSD of 4 wells pel
sampling point. Asterisk indicates significant changes in expressiBer8tested by oneway

ANOVAdegree of freedom= 7, F = 4.491, p = 0.00Bpublished data.
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5.3 Seasonal &dy mass cycleg Svalbard ptarmigan

Besides their circadian orgaat®on, Svalbard ptarmigan have another outstanding feature
that makes them an interesting subject for chrdmological research: their bodypass cycle.
Svalbardptarmigan show prorounced seasonal changes in boohass achieved through
deposition or depletion of fat paddortensen et al., 1983)As with reproduction, the body
mass cycle is under strong photoperiodic control in Svalbard ptarmigan. They incréaise in
massas a result of shortening photoperigtindgard et al., 1995)n captivity, high body mass

Is retained as long as the photoperiod is short and fat stores are rapidly depleted once the
birds are transferred to a long photoperig8tokkan et al., 1995)n nature, this deposition of

fat ensures emergency energy rations for the long Arctic winter with limited access to food
and insulaton (Mortensen and Blix, 1986; Stokkan, 1992)

The mechanisms underlying control of seasonal body mass cycles, especially in birds, remain
poorly understood. In Svalbard ptarmigan, the energy balance comprised of food intake and
activity might playan role but sliding sefpoint experiments(Mortensen and Blix, 1985;
Stokkan et al., 199%)early indcate that body mass follows an endogenous determined value.

In order to explore seasonal body mass control in Svalbard ptarmigan, we designed an
experiment in whichwe achieved four different bodgnass phenotypes=jgure 14 fat brds
undershort photopeiod, birds losing bodynass afteatransferto LL, lean bas under LL and
photorefractive birds under LL gaining weight again. Among othess will analyse gene
expression patterns within thBT/MBH region and tanycytes to explore their potential role

in the control of energy metabolis(&bling and Lewis, 2018; Helfer et al., 2019; Langlet, 2019)

FHgure 14. Svalbard ptarmigan exhibit pronounced body mass cycles due to rapid deposition
depletion of fat. There is little knowledge about control over seasonal body mass cycles in

In our current researchwe aim to shed light on this by studgithe state of the PT/ MBH regio
and tanycytes in birds of different states and different ages. Saviatransferred birds from SF
(grey area) into LL (white area) and sampled them at four occasions (red line: fat birds unde
photoperiod, birds tansferred into LL and losing weight, lean bigghotorefractive birds which

gain weight). Data displayed as meaSEM.
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Abstract

Organisms use circadian rhythms to anticipate and exploit daily environmental oscillations. While
circadian rhythms are of clear importance for inhabitants of tropic and temperate latitudes, its role for
permanent residentd thepolar regions (where thelare constant photic conditions for a large part of
the year) is less well understoddhe high Arctic Salbard ptarmigan shaswehavioural rhythmicity

in presence of lightlark cycles buts arrhythmic in constant photic conditionse(, during the pola

day and polar night). This has been suggested to be an adaptahemnnauelight environment of

the Arctic In thisstudy,we examined regulatory aspects of the circadian control system in the Svalbard
ptarmigan by recording core body temperatdeg &dlongsiddocomotor activity in captive birds under
different photoperiods. We show thiatand activity are rhythmic with a 24 period under short.(D

6:18) and long photoperiod.:0 16:8). Under constant light and constant darknésss arrhythmic

and activity shows signs of ultradian rhythmicity. Birds under short photoperiod also showed a rise in
Ty precedinghe lighton signalandanyrise inactivity, which proves thahe lighton signal can be
anticipated, most likely by a circadian system.
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1 Introduction

7KH (DUWKYVY URWDWLRQ DURXQG LWV RZQ D[LV FDXVHYV GDLO\
and ambient temperature. Circadian rhythms have evolved to maintain behavioural, physiological and
metabolic synchrony with thesenbient cycles, and to anticipate chaggconditions within a day
Disruption of this synchrony can consequently affect fithess and su{@i&ah et al., 2011; DeCoursey

et al., 2000; DeCoursey & Krulas, 1998; DeCay et al., 1997; Spoelstra et al., 20 Hipchemical
oscillators, secalled circadian clocks, endogenously produce rhythmicity by transcripéinslation
feedback loops, in which clock genes are expressed and subsequently inhibited due to tleé action
their own translated protein®arlington et al., 1998; Hardin et al., 1990 higher vertebrates,
circadian rhythmicity is ultimately produced by a single hypothalamic master clock (the
suprachiasmatic nucleus in mammals) oneawork of clocks(in the pineal gland, eyes and the
hypothalamus of bird and reptileg)Menaker et al., 1997)These master clocks entrain to the
environmental cycle primarily through the ligthtrk signal(Pittendrigh, 1960and imposehythmicity

onto peripheral tissye.g. by circulating hormones such as melatonin produced in the pineal gland
(Pevet & Challet, 2011)Thisultimately leads to rhythmic physiology and behaviour.

At tropical and temperate latitudeke lightdark progressioand other environmental factors, such as
ambient temperature, cycle on at2¢eriod throughout the year. This is not the case at polar Egitud
whichare instead characterized by extended periods of constant light (polar day) and constant darkness
(polar night) with short periods of rapidlip@nging photoperiod thetweenDuring phases of constant
photic conditionsanimals inhabitinghese latitudeare eithefree runningarrhythmicor entrainedo
non-photic or photic cues other than photoperi@inold et al., 2018; Ashley et al., 2012; Hippe et

al., 2020; Steiger et al., 2013; Stelzer & Chittka, 2010; Swade & Pittendrigh, 1967; van Oort et al.,
2007; Wareet al., 2020; Williams et al., 2011pn theSvalbardarchipelagq which is amongsthe
northernmost landmaasin the Arctic (74° to 81°N, Figure 1B), the Sun remainse 6° below the
horizon between milNovember and February but is constantly above the horizon betweekpmilid

and midSeptembeDespitethehighlatitude, the climate is relatilyemild due to warm ocean currents
(average temperatuia Longyearbyen irDecember-6.0 °C) (NorwegianMeterologicallnstitute,

2020) This is probably why someold-hardy speciescan survive thergrearround including the

Z R U Onest VMortherly distributedand bird, the Svalbardptarmigan agopus muta hyperborga
(Figure 1A). Svalbard ptarmigaexhibit rhythmic activity during the short perioddight-dark cycles,

but become @hythmic in constant darkneasid constaniight (Reierth & Stokkan, 1998; Stokkan et

al., 1986) Similarly, plasma melatonin levels cycle in a liglark environment, but are arrhythmic

2
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under constant photiwonditions(Reierth et al., 1999)This suggests that either the central circadian
clock cannot sustain rhythmicity, or that its molecular output is uncoupled from the peripheral tissue
responses in constant photic conditiBch et al., 2013)Theabove mentioned studies indicate that
adaptation to lifen the high Arctic has hagrofound effect on the circadian systerilowever little

is still known of the physiologicaparameters that underlie circadian contfadr thisreason,we

exploredthe implication ofArctic life on thecircadiancontrol ofcore baly temperatureTp).

Mostendothermic animals display a dallyrhythm which is under circadian control and characterized
by lower T, during the rest phase and higherduring the active phas@schoff, 1983; Menaker,
1959b; Refinetti & Menaker, 1992)hefunction of theT, rhythmis still dispued. The decreasa Ty
during the rest phase migtetduceenergy costs by lowerirthe need fothermogenesighough inthe
case of noftorpid and norhibernating endothernthis reduction inl, might be too small to have a
significant impact on the enerdpudget(Menaker, 1959a; Refinetti & Menaker, 199Zgmperature
changes within the physiological ranigave also been shown soistain rhythmicity imnammalian
liver and lung culturegBrown et al., 2002; Buhr et al., 20180d ithas beemproposed thaty, serves
the master clocko synchronizeperipheral tissudn a polar animal,T, might serve the same purpose,
especially since melatonin rhythm are often attenuated under constant photic co(idittbéset al.,
1991; Reierth et al., 1999; Stokkan et al., 200fgre is evidence of sustaingg-rhythmicity through
the polar day in Arctic ground squirrldrocitellus parryi) (Long et al., 2005; Williams etl., 2011)

but we are unaware of similar studies in Arctic birds.

In order tocharacterise th&, rhythmin a truly Arctic birdand explorets possiblecircadian contral

we implanted abdominal temperature loggers into captive Svalbard ptarmigan and réGoated
activity under short photoperiod (SP), long photoperiod (li)constant light (L) and constant
darknesgDD) (Figure 1C). Thesephotoperiodic treatments were chosestiolyexpression ofhe Ty

and activityrhythm under entrained conditions (SP and LP) as well as under conditions without
entrainable cues, i.e. in free running conditions (LL and.D\®also studied if there wereffirences

in the timing of theisein activity andTy beforethelight-on signawhenbirdswereunder SP and LP

E H F D X Vattigip#oby\bepaviouflcould indicatgpresence oé functional timekeeping system.



88
89

90

91
92
93
94
95
96
97
98
99
100

101
102
103
104
105

106

107
108
109
110
111
112
113
114
115
116

117

Ty and activity rhythms in Svalbard ptarmigan

2 Material and Methods

2.1 Housing

All animals were kept at the University of Tromsg in accordantethe EU directive 201/63/EU and
licences provided by thMowegianFood Safetyauthority Mattilsynet, permit nos. FOTS 8115 for
2015/2016 and FOTS 7971 for 2017/2pX8hicks were hatcheftlom eggs laid by captive females in

2015 and 2017, and were reared either in outdoor cages under natural Tromsg phq&gseriodl(

18° <), or indoors with a photoperiod corresponding to the natural light cycle in Tromsg. When the

chicks hadreached &@ody mass 0600 gor more(usually by the end of September in the year of
hatching), theywere transferred to indoor cages wéth libitum access to food (Norgesfor, ref. no.
OK2400 070316) and water. Ambient temperature was kept between 3 dhdhroughout the
experiment, which is within the therameutral zone of physically mature Svalbard ptarmigan
(Mortensen & Blix, 1986)

lllumination was provided by fluorescent strip lights (Osram L 58W 830 Lumilux, Osram, Munich,
Germany), delivering 1000 lux at floor level. Under constant darkness, illumination was provided by
dim red light only (Northlight 3&®557, 15 Im, Clas Ohlson, Insjén, Swejjevhich deliveredess than

1 lux at floor level.

2.2 Photoperiodic treatment

All experiments were conducted from 30.09.2015 to 04.02.2016 and from 22.12.2017 to 08.04.2018.
Birds hatched in the 2015/2016 season were exposed to three different photopgezaidients
(Figure 1C). Initially, all birds were transferred into a photoperiod.d 12:12, which was gradually

(1 h/ day) decreased taD 6:18. The birds were subsequently kept in eithBr6:18 (SPgroup, n =

7) or were gradually (b / day) tranerred intoL:D 16:8 (LP), and then to LL (LP/Ldgroup, n = 8).

Birds from the 2017 cohort were directly transferred ftobh 6:18 to DD (DDgroup, n = 3). All birds

were kept in their respective final light treatments until the end of the experiRtestoperiodic
treatments and exposure times for each bgdn be found online at DataverseNO
https://doi.00/10.18710XLDXQ3).

2.3 Core body temperaturerecording
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Tb was measuredt a resolution ot 0.0625°Cusing iButton temperatuteggers (DS1922L, Maxim
Integrated, San Jose, CA, USA; accuracy).5°Q. All iButtons were calibrated in a high precision
water bath (model 6025, Hart Scientific, Pleasant Grove, UT, USA), the temperature of which was
monitoredby a factorycalibrated (Nordtec, Gothenburg, Sweden) Testo 925 thermometer with a type
K thermocouple (Testo, PA, USA) (birds from the 2015 cohort) or a high precision glass thermometer
(birds from the 2017 cohort). Calibration was performed in 5°C inengsrbetween 35°C and 45°C.

This range covered the full range of cdkeshown by Svalbard ptarmigan over the course of the year
(Nord & Fdkow, 2018)

The calibrated iButtons were implanted into the abdominal cavity under gas anaesthesia. Specifically,
the birds were anesthetised with a 4s#flurane air mix (Ref. No.: 9623, KDG Baxter, Deerfield, IL,

USA) injected through an anaesthetic facemask connected to an Ohmeda vaporizer (Ref. No.: 058294,
BOC Health Care, Guildford, UK) and &oflurane vaporizer (Vapor 2000, Ref. No.: ARXEA25,

Drager, Lubeck, Germany). Surgery started as soon as the bird showed muscle relaxation and did not

respond to a physical stimulus (pinching of the skin).

The place of incision, i.e., ventrocaudal from the sternum, was located, plucked of feathers and
disinfected with 2 % iodine (ref. no.: 332452, Sanivo Pharma AS, Oslo, Norway). The skin and muscle
tissue were cut along thieea albaand the sterilized (7% EtOH) iButton was then inserted into the
abdominal cavity. The muscle tissue was sutured with arrtzddsle 20 Polysorbstring (Ref. No.:
CL-811, Syneture, Dublin, Ireland) and was disinfected with 2 % iodine. The skin was sutured with an
absorbable 0 Dexon string (Ref. No.: 7282, Syneture, Dublin, Ireland) and again disinfected with 2

% iodine. Aftersurgery, the facemask was removed, and the bird was observed until it regained full

consciousness. The birds were placed into their home cages as soon as they could stand unaided.

The iButtons recorded hourly for the durations outlinednline |https://doi.org/10.18710/XLDXQ3
Specifically, in the SRyroup, theTl, of seven birds was recorded for 48 days (except for bird SP2 which

was measured for 30 days). In the LP/gtoup, eight birds were recorded &8 days under LP and

14 days under LL. In the DiQroup, three birds were recorded for 83 days. All recordings were made
at the full hour except for two birds in the-§Rup, which recorded at half hour. At the end of the
experiment,the implanted iButtons were recovered from euthanized birds and the data were

downloaded using the Maxim Integrated software OneWireViewer (version 0.3.19.47).
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2.4 Activity recording

Locomotor activity was recorded continuously as movements per minutgassige infrared sensors
(HSP 1131, Panasonic, Kadoma, Japan). These were installed on homebuilt circudmdaamted

on the cage doors. Data were collected for a subset of three birds per photoperiodidegeyapned

by the number of availablecording devices), using an Actimetrics CL200 USB interface coupled to

ClockLab data acquisition software Version 2.61 (Actimetrics, Wilmette, IL, USA).

We recorded actity for the experiment durin@ days in three birds in the LP/kdroup under LP; 14
days in three birds in the LP/kgroupunder LL, and 66 days in three birds in the Bjpoup. In the
SPgroup we measured activity for 12, 18, and 31 days in three bird. Activity was recorded as counts

perminute and normalized from 0 to 1 for each indiaboird prior to analysis and plotting.

2.5 Data handling and analysis

All graphs were plottedvith GraphPad Prism 8 (Version 8.3.0, San Djega, USA), except for the
actograms which were plotted using the ImageJ plugin Actogf@amimid et al., 2011)

We plotted actograms fdi, and normalized activity for each bird over the whole experimental period.
Actograms illustrate rhythmicity or the lack ofAll actograms were doublplotted to ease inspection.

In a doubleplotted actogram, one horizontal line represents two consecutive dayisxConsecutive

days are also plotted from top to bottorrafys). Normalized activity is displayed as bars of increasing
heights between 0 and 1 on each line. This means that the higher the activity, the higher the bar. Low
bars or the absence of bars indicate low activity and rest. Patterns or lack of rhythamioéyabserved

by reading the actogram from top to button and by observing how phases of high and low activity relate
to each other. We also adapsstiograms to displals between 40 and 42 °C to shdwrhythmicity.
Hence, Ty, < 40 °Cis blank in the acgram while temperatures > 40 °C were plotted as bars of
increasing height up to 42 °C. Rhythmicity in these actograms was tested by calcalabing
periodogran{Sokolove & Bushell, 1978pr ten consecutive days for each bird in each lightrireat.
Thetenday period waschosento coincide withreduced frequency dfusbandrypractices(see 2.6.

Bird husbandry andhe effect oril, ). The $-periodogram algorithm calculated, @ddices for each

period between 1 and 30 Q, | R O O R*zlitributn, and values corresponding tp @alue < 0.05

were considered statistically significant.
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177 We also plotted, and activity as meah SD 24-h profiles for each grouandcalculatedTl, peakand
178 nadir for each respectivéght treatment The peak and nadir mearare based ormaximumand
179 minimum T, of each day ane@ach individual birdThe dfference between ds Tp peakand nadir
180 (KHQFHIRUWK wd3 BothparatsXp@rkitslyfor eachphotoperiod groupusing pairedt-tests
181 (GraphPad). We then compared the difference in amplitude between photoperiod groupsisitig
182 effects model fitted with restricted likelihood (Imer function in the Ime4 pack@ges et al., 2014)
183 using R version 4.0.0 (RdZe Team 2020) implemented RBtudio (version 1.3.959). Photoperiodic
184 treatment was used as the explanatory variable, and a random intercept for bird ID was included to
185 account for repeated measurements. Group estirfftatdse amplitudeand comparisons between the
186 groups were obtained using the emmeans R pa¢kagéh et al., 2018)Periods of transition between
187 different photoperiods, and two birds from the@Bup which recorded at half hour, were exidd
188 from this analysis.

189 Ty and activitywereplotted togethefor a five-day periodand for three birds for each photoperibod
190 theperiodsselected for this purpostine birds weracclimatized to their respective photopersiace
191 atleast a week andereundisturbecdapart from normahusbandry.

192 To analyse effects of photoperiod dawn anticipationwe calculateaneanT, andactivity from the
193 five day-periodsfor 5 h before lighton whenT, was at itsminimum, andfor 1 h after lighton. The
194  activity mean was calculated as the mean of the 1@tesimmediately before each, measurenat.
195 We defined dawn anticipation as nocturnal ris&dr activity that precedkthe lighton signal.The
196 6-h period was analysdal fitting a segmentelinear regressin (GraphPad 8and we considered the
197 break pointof the segmented functigine. where the two regressisagmentaneet)asthe start of
198 anticipatory rise in activity ofs. We plottedthe datan Zeitgebetime (ZT), in whid ZT O corresponds
199 to thelight-on signal.

200

201 2.6 Bird husbandry and the effect onTp

202 Birds were monitored daily as part of routimesbandryThis might causgstress, whiclis knownto

203 cause increasen in birds(Cabanac & Guillemette, 2001; Nord & Folkow, 20IB)is mightaffeced

204  rhythmicity analyss, especially in LL and DD. For this reason, we kept recordgheftiming of

205 husbandnandtesed how these visits affectdd. We defined three categories (husbandry, 1 hour after
206 husbandry and no husbandry) and assigned the resp@ctiwadingto each category fdyirds under

207 LL and DD. TheT, means for each bird and each categagyesomparedisingpairedt-test (Graphpad

7
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208 8). In addition, we plotted husbandry ibL and DD in form of actograms and conducted$-
209 periodogramanaly®s on the rhythnof husbandryandon Ty recordingof all birds under LL and DD.
210
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3 Results

Svalbard ptarmigan held under SP and LP displayed clear daily rhytimeith a 24h period @ <
0.05 by $-periodogram) while birds under LL and DD showed no significant rhigibyvin Ty, for a
10-day period with little interferendgy husbandryp > 0.05for all periodsby $-periodogram)Figure

2 A-C). TheTp-rhythmunder SP and LR defined by decreasddduring the darkphase anihcreased
Ty during the lightphasewhichis expressed either as a single peak ifFgure 3A and4A) or as a
morning and one or severgfternoon peak$in LP (Figure 3B and4B). Even though we could not
measure any significaffi,-period in birds under constant photic conditions, dtiterence between
peak and nadivas significant in all photoperiodic groups, includinigds under LL and D@p < 0.01
for peak vs. nadir by pairetestfor each groupTable 1). Birds under SRand LPdisplayedT,
amplitudes of 252 + 0.15°Cand 2.27 £ A.2°C, respectivelyestimatet SE by mixed model analysjs)
while hirds under LL and DD shosdsmaller differences between peak and ngokr 0.001by mixed
model analysiswith 1.46 + 0.12 °C and 1.300.19°C, respectivelyThe amplitudes between SP. vs
LP (p=0.532 and LL vs DD (p = 0.891) did not differ significantlyThe respective peak and nadir
for Ty in each photoperiodic groupnd the results of the pairetiests,are summarized iffable 1.

Resuls from the mixed modednalysing the amplitudare presenteth Table 2

Svalbard ptarmigan under SP and diBplayedclear 24h rhythmicity in activity (p < 0.05 by $-
periodogram) Eigure 2D-E) with high activity in the lighiphase andbw activity in the darkphase
Similar to Ty, birds under LP displayed also twigstinct activity peaks during the light pha&egure
3F). Birds under LL and DD showed various significant perimdactivity between 1 and 30 (p <
0.05by $-periodogram) Figure 2E-F) and LL-birds went through phases of high and low activity
within a 24h period Figure 3G) while birds under DD showed generally low activigggure 3H).

Birds under SBhoweda significantnocturnalincreasen Ty preceding the lightn signal andherise
in activity (Figures 4 and5). Under SR bothactivity andTy, increasedn the 5h periodimmediately
preceding théight-on signal However,Ty rose3 h beforelight-on (segmergdregression breakpoint:
ZT 21:04+ 00:17 (hh:mmz SD)) whereas activityncreased h 40 mbefore (breakpoint: ZT 22:20
00:26).In LP, birds showd increasedTl, and activitystartingaround half an hour before ligbh
(breakpoint fofTy: ZT 23:17+ 00:06 andfor activity: ZT 23:26+ 00:09.

We also observed that Sitrds often expressda small increase if, in the dark-phasearoundl1l h
after thelastlight-on switch (ZT 1105 £ 1:00, meant SD based on analysis Figure 4 andS4). The

9
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241 nocturnal peakvasalso similar to the expression of theD | W Hig&kfh R ®birds thatoccurred h
242  after the lightonsignal(ZT 8:51+ 1:11).

10
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4 Discussion

In this study, we measurel, and activity in Svalbard ptarmigan under photoperitdg were
represerdtive of thoseexperienced during their annual cyabethe wild All recordedTy fell within
the reported range of bir@Brinzinger et al., 1998nd were comparable to previous measurements of
Tb during subjective daytime in Svalbard ptarmigdlord & Folkow, 2018) In SP and LP, birds
showed pronounced cycles Tp with high temperatures during the lighthase and low temperature
during the darkphase. We found clear evidence forl2dhythmicity in Ty under lightdark cycles but
therewasno evidence of sustained or free running circadiginhythmsin LL and DD. Occasionally,
birds in LL and DD continued to show transient peak3unwhich are reminiscent of sustained
rhythmicity. However, these peaks coinadeith visits forhusbandry and wascribe the observation
to consequences of a strestated increase i, (Figure S5andS6) (Cabanac & Guillemette, 2001,
Nord & Folkow, 2019)which would also explain thegnificantdifferencebetween dailyl, peak and
nadirin birds under LL and DD.

Activity wasalsorhythmic with a24-h period inSP and LPwhichwasnot sustained in LL and DD.
This is in accordance with previous studies on activity rhythms in Svalbard ptarifRgserth &
Stokkan, 1998; Stokkan et al., 198@)stead of a clear 2B rhythm, birds under LL and DD showed
various significant periods between 1 andh3@nd birds in LLdisplayedseveral bouts of low and
high activity ina 24h period These findings might be explained by the expression of an ultradian
rhythm with a periodof ca. 4h (Figure 2E) of which subsequent peaks in the periodogram are
subharmonics to the fundamental ultradian period. In the absence of an eevitaliightdark cycle,

the ultradian rhythm might reflect foraging activity esubsequentest in Svalbard ptarmigaAt this
stage, wecan only speculatd this activity pattern isunder endogenous control ah ultradian

oscillator(Bourguignon & Storch, 2010 if it is produced by the interplay of hunger and satiety.

Ty rosein anticipation to the lighotn signal andin birds under SPprior to rises inactivity. This
suggests, firstly, that, as in most other endothermic anifigtsa distinct endogenous feature and not
only a consequence of activifAschoff, 1983; Menaker, 1959b; Refinetti & Menaker, 1992)
Secondly, it suggests that thecycle in Svalbard ptarmigan is controlled bynae-measuringystem,
which acurately anticipates the liglh sgnal. In nature, this anticipatory rise T3 might ensure
optimal bodily function at the start of the active phase. Alternatively, cyclBsnmght be utilized by
the central system to impose its rhythm on peripheral tig&res/n et al., 2002; Buhr et al., 2010)

11



Ty and activity rhythms in Svalbard ptarmigan

273 Svalbard ptarmigan might ugg in the same manner to ensure synchronized physiology in the short
274  periods of light and dark cycles-between the long stretches of polar day and polar night. Due to the
275 absence of measurable circadian rhythmg,iand activity in LL and DD, we proposedttthe central

276 circadian system dbvalbard ptarmigan either uncouples from its output, or dampens in rhythmicity,
277 when there is no periodic environmental synchroniza(Blioch et al., 2013)This might ensure

278 aroundtheclock foraging without endogenous restraints during thlarpday and polar night.

279 However, we cannot exclude the possibility that under natural conditions Svalbard ptarmigan still
280 expresghythms inTy during the polar day and polar nighie to entrainment totherphotic or ron-

281 photiccues(Ashley et al., 2012; Long et al., 2005)

282 We alsoobserved transient increasesTinin the darkphaseof birds under SP. Thigould reflect
283 nocturnaldigestive activity(Rashotte et al., 1997Alternatively, this observationmight be further
284  support for acircadiandrive in Ty under lightdark cycles, in which case the transient noctuiipal
285 peak in SP wuld correspond to th@fternoonSHDNY VHHQ LQ /3 ELUGYV

286 Our findings suggest that Svalbard ptarmiganuaieg a circadian system under SP and LP to control

287  their Tp but that this rhythm is not sustained in LL and ODey can, thereforeitilize the benefits of

288 a circadian system during times of a rhythmiwironment butaire able to escape its restrictions in

289 constant conditionsinstead of a circadian rhythm, Svattd ptarmigan show signs of ultradian

290 rhythmicity in activity under constaright but we cannot resolve if this rhythm is endogenous or

291 produced by the interaction of hunger and satiety. Future research should aim to elucidate how Svalbard
292 ptarmigan achiee this duality of circadian organization and how ultradian rhythmicity is controlled.

293
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422 Table 1| Mean = SD peaks and nadirs of body temperature°C) over 24 h periodsn Svalbard
423 ptarmigarnthat were keptinder differenphotoperiod representative of their annual cycle in the wild

424  Results from the pairgetests between peak and ngdiaily amplitude)are giverunder the respective

425 photoperiod.
Short Long Constant light Constant
photoperiod photoperiod 8 birds darkness
L:D 6:18 L:D 16:8 3 birds
5 birds 8 birds
Ty peak (°C) 42.03 (0.B) 41.97 (0.33 41.86 (0.29 41.31 (0.0
Tp nadir (°C) 39.51 (0.20 39.70(0.40 40.39 (0.22 40.01 (0.20
Paired t-test p < 0.0001 p < 0.0001 p < 0.0001 p=0.0090
Peak vs nadir t =30.88 t =13.78 t =16.00 t =10.46
df =4 df =7 df=7 df =2

426
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Table 2| Differences irbody temperaturamplitude(i.e., the difference between the dallypeak and
Ty nadir; °C) under different photoperiodEstimates (+ SE)ikelihood ratios (LR) angb-values for
the differences between photoperiodic treatmddasa were tested usingiadar mixed effects model
with bird ID as a random intercegivalues and group estimates were obtaiamed compared using

the emmeans package in R

Estimate (SE) | LR p
Model
Intercept 1.30 (0.17)
Treatment 61.584 <0.001
Constant darkness | 1.30(0.19
(DD)
Constant light 1.46 (0.12
(LL)
Long photoperiod 2.27(0.12
(LP,L:D 16:8)
Short photoperiod 2.52 (0.1%
(SP,L:D 6:18)
Contrast
DD vs LL -0.16 (0.22 0.891
DD vs LP -0.96 (0.22 <0.001
DD vs SP -1.22 (0.23 <0.001
LLvs LP -0.81(0.17) <0.001
LL vs SP -1.06 (0.19 <0.001
LP vs SP -0.26 (0.19) 0.532
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Figure legends

Figure 1| Svalbard ptarmigafLagopus muta hyperboreand experimental desig(A) The picture
showsa Svalbard ptarmigamale in white winter plumage and a female in the cryptic brown summer
plumage (© IdaHelene Sivertsen]B) The Svalbard ptarmigan is a subspecies of the rock ptarmigan
(Lagopus mutpbut is geographically isolated the high Arctic archipelago of Svalbaathd Franz
Josef Land(C) Theexperimentabirds werebred at théJniversity of Tromsg and were separated into
three groups:hte short photoperiod (SP) group remained undé& &18. The LFA.L-group was
gradually tansferred froni.:D 6:18 toL:D 16:8(LP), and subsequently into constant light (LL). The
constant darkness (DD) group was directly transferred br@r6:18 into DD.

Figure 2 | Representative doubjdottedactograms fobody temperaturelg) and activity.(A-C) Ty

was plotted actograitike between 40 and 42°C for representative birds from each ¢ooddDs A:

SP3, B: LP/LL11, C: DD3)(D-F) Actograms for normalized activity were plotted between 0 and 1

for representative birds from each grolgird IDs D: SP6 E: LP/LL15, F. DD2). $-periodograms

were plotted for 10 consecutive days in each light treatment (red shading in actograms) and are
displayed next to the respective recordings. Values above the red line indicate that the cycle period was

significant < 0.05).Additional actograms and periodograms can be fourkdgare S1-S3

Figure 3| Diel variation inbody temperaturel() and activity in different photoperiod@\-D) Mean

+ SD Ty over the course of 24 h (01:00 to midnight) in shorttpperiod (SP; based on 222 x-B4
recordings from five birds), long ptaperiod (LP; based on 184 x-B4ecordings from eight birds),
consant light (LL; based on 112 x 2d recordings from eight birds) and in constdatkness (DD;
based on 249 x 2H recordings from three birds)Yy was measured every hour throughout the
experiment(E-H) Mean normalized activity + SD over the course oh24nidnight to midnight) in
SP (61 x 24 recordngs from 3 birds), LP (27 x 24 recordngs from 3 birds), LL (42 x 24
recordings from 3 birds) and DD (198 x-B4ecordings from 3 birds). Light grey shadowing in the
panels indicate periods of darknessl dark grey indicates SD.

Figure 4| Representative time series fwody temperaturelg) and activity (A-D) Ty (red) waplotted
togdaher with normalized activity (blagkfor five consecutive days for one representative bird per
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experimentakreatment(bird IDs A: SP6, B/C LP/LL113, D: DD2) Light grey shadings indicate

periods of darknesédditional time series can be foundkigure $4.

Figure 5 | Anticipatory rise in body temperatur€ly) based on segmental regression breakpoints
Hourly means offy (red) and activity(black) 5 h beforeand 1 h aftethe lighton signal given in
Zeitgeber time {T). (A) Ty in birds under SP was risirfjh 56 m before the lighton signalwhile
activity only rises 1 h 40 m before.(B) In birds under LPTy increased43 m before lighton while
activity rose 34 nbeforethe lightonsignal The data corresponds to the measurelndfigure 4 and

$4 and is displayed as me&r95% ClL Dotted lines indicate segmented regression breaking points and

the shading shows the corresponding BBht grey shadings indicate periods of darkness.
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to the group and bird-ID and red shadings indicate analyses by 2-periodograms (Figure S2).
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Figure S3 | Additional actograms for normalized activity. All actograms were double plotted for all birds

from each group (representitive birds from the main text exceptd). Actograms are labelled according to the
group and bird-1D. Red shadings indicate analyses by 2-periodograms. Corresponding 2-periodograms
were plotted for ten consecutive days in each light treatment (red shading). Values above the red line indicat

significant periods of the cycles (p < 0.05).
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Figure S5 | The effect of husbandry on body temperatuggiqaTconstant light (LL) and constant darkness (DD).

The mean Jof each bird under each condition (no husbandry, husbandry and 1 h after husbandry) was compare
using paired t-tests, Tvas different between 'no husbandry' and ‘husbandry' (LL: p < 0.0001, t =11.86, df =7 |
DD: p =0.0256, t = 6.13, df = 2) and between 'husbandry' and '1 h after husbandry' (LL: p < 0.0001, t = 9.76, df
DD: p=0.0288,t =5.77, df = 2). There was no significant difference between 'no husbandry' and '1 h after hust
(LL: p=0.2353,t=1.30,df =7 | DD: p = 0.0987, t = 2.94, df = 2). Data is displayed as mean + SD.
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Figure S6 | Actograms of pland husbandry in LL and DD and their respectfvperiodograms . Husbandry is shown
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all birds under LL and DD are displayed with their respective ID next to the husbandry actogipensdograms were
calculated for the whole range and values above the red line indicate significant periods of the cycles (p < 0.05).
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Photoperiodic induction without light-mediated circadian
entrainment in a High Arctic resident bird

Daniel Appenroth 1, Vebjarn J. Melum 2, Alexander C. West *, Hugues Dardente 2, David G. Hazlerigg '*

and Gabriela C. Wagner* -*

ABSTRACT

Organisms use changes in photoperiod to anticipate and exploit
favourable conditions in a seasonal environment. While species living
at temperate latitudes receive day length information as a year-round
input, species living in the Arctic may spend as much as two-thirds of the
year without experiencing dawn or dusk. This suggests that specialised
mechanisms may be required to maintain seasonal synchrony in polar
regions. Svalbard ptarmigan (Lagopus muta hyperborea) are resident at
74-81°N latitude. They spend winter in constant darkness (DD) and
summer in constant light (LL); extreme photoperiodic conditions under
which they do not display overt circadian rhythms. Here, we explored
how Arctic adaptation in circadian biology affects photoperiodic time
measurement in captive Svalbard ptarmigan. For this purpose, DD-
adapted birds, showing no circadian behaviour, either remained in
prolonged DD, were transferred into a simulated natural photoperiod
(SNP) or were transferred directly into LL. Birds transferred from DD to
LL exhibited a strong photoperiodic response in terms of activation of the
hypothalamic thyrotropin-mediated photoperiodic response pathway.
This was assayed through expression of theEya3, Tsh and deiodinase
genes, as well as gonadal development. While transfer to SNP
established synchronous diurnal activity patterns, activity in birds
transferred from DD to LL showed no evidence of circadian
rhythmicity. These data show that the Svalbard ptarmigan does not
require circadian entrainment to develop a photoperiodic response
involving conserved molecular elements found in temperate species.
Further studies are required to define how exactly Arctic adaptation
modifies seasonal timer mechanisms.

KEY WORDS: Photoperiodism, Circadian, Seasonal reproduction,
Pars tuberalis, Eyes absent, Deiodinase, Svalbard ptarmigan

INTRODUCTION

phase of this rhythm triggers a photoperiodic response. In order t
the Biinning hypothesis, experimental approaches based on art
light exposures, such as night break experiments, have
employed (Binning, 1936; Elliott et al., 1972; Follett and Sh
1969; Follett et al., 1992; Gwinner and Eriksson, 1977; Hamme
Enright, 1967; Pittendrigh, 1972). Night break experiments trigg
long day response by combining a short photoperiod with a noct
light pulse that occurs in the photo-inducible phase. Positive res
these experiments across diverse taxonomic groups favo
circadian-based photoperiodic readout mechanism.

In birds and mammals, photoperiodic effects on reproduction de
on changes in hypothalamic gonadotrophin releasing hormone (G
secretion at the median eminence, and recent evidence points
coincidence timer mechanism in the adjacent pars tuberalis (PT)
key upstream control mechanism (Dardente et al., 2010; Hazl
and Loudon, 2008; Lincoln et al., 2002; Masumoto et al., 2010; N
etal., 2008; Yasuo et al., 2003; Yoshimura et al., 2003). Within the
long photoperiods (LPs) stimulate the expression of the th
stimulating hormone (TSH)subunit geneTish ) (Nakao et al., 2008)
LP-induced expression of TSH leads to increased Bip2ession in
the mediobasal hypothalamus (MBH), through a cAMP-depen
pathway in neighbouring ependymal cells known as tany
(Bolborea et al., 2015; Hanon et al., 2008; Nakao et al., 2008;
et al., 2008). DIO2 locally converts thyroxine, o the bioactive
triiodothyronine (%) by outer ring deiodination, thus increasi
hypothalamic F concentration under LPs. In long day breeding bi
and mammals, this in turn increases the release of GnRH in the
eminence, ultimately leading to gonadal activation (Yamamura €
2004, 2006; Yoshimura et al.,, 2003). Conversely, under s
photoperiod, low levels of TSH in the PT coincide with increa
type Il iodothyronine deiodinaseDip3) expression in tanycytes
keeping the hypothalamig Toncentration low and promoting gonad

Animals in temperate and high latitudes use changes in photopemadtivation (Yasuo et al., 2005). The reciprocal regulati@iaff/Dio3

(day length) to anticipate upcoming seasons and adjust physiolegpression and the resulting bioactigedncentration in the MBH is a
and behaviour accordingly. The involvement of circadian clocksthe core of photoperiodic control of seasonal reproduction and
this photoperiodic time measurement was first suggested by Erbécome a central paradigm in photoperiodic time measurement.
Bunning, who proposed a so-calletexternal coincidente  Several lines of evidence suggest that this PT-mediated re¢
mechanism. According to the Bilnning hypothesis (Blnningystem is circadian based. First, in both birds and mammals
1936), organisms express an innate circadian rhythm of phatalled‘clock genes show characteristic rhythmical expression
inducibility and light exposure coinciding with the photo-induciblthe PT/MBH region, consistent with a possible coincidence ti
mechanism (Johnston et al., 2005; Lincoln et al., 2002; Tou
et al., 2007; Yasuo et al., 2003, 2004). Secondly, in the Japa
quail (Coturnix japonica) photoperiodic induction bio2 and
downstream physiological responses can be triggered by night |
experiments (Yoshimura et al., 2003), implying control throug
coincidence timer mechanism. Further evidence for the circa
basis on the hypothalamic long day response derives from res
on eyes absent 3 (EYAS3). In mammals, EYA3 has been propos
act as a transcriptional co-activator at s gene promoter anc
analysis of the ovinEya3promoter demonstrated that its express
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is controlled by circadian clock genes (Dardente et al.,, 20169°39N, 18°57E). Hatching took place between 24 June an
Masumoto et al., 2010). August 2017. The chicks were raised either indoors wit
Circadian-based models for photoperiodic time measuremghotoperiod corresponding to the onset and offset of natural
place an emphasis on robust circadian cycles of clock gewdightin Tromsg or outside on the ground. Upon reaching a b
expression. This raises the question of what happens in speciass of 400500 g, 29 birds (Table S1) were transferred i
living at Arctic latitudes. Lightdark cycles are absent for extendedhdividual cages (1.5 mx0.5 m) in light- and temperature-contro
periods of the year and under such circumstances daily rhythmicitydoms. All birds were transferred at the end of September 2
behaviour and endocrinology breaks down completely (Reierth d&mbd (standardised protein food; Norgesfor, OK 2400 070316)
Stokkan, 1998; Reierth et al., 1999; Stokkan et al., 1994; van Owdter were providedd libitumthroughout the study. Female a
et al., 2005, 2007). Loss of behavioural and endocrine circadiagale birds were housed together.
rhythmicity does not necessarily imply loss of circadian-basedControlled lighting was provided by fluorescent strip lig
photoperiodic response circuits, especially in birds where circadi@sram, L 58 W 830 Lumilux) delivering approximately 1000 Ix
organisation involves multiple circadian oscillators (Cassone, 20Xor level. All rooms were further equipped with permanent
Moreover, in temperate bird species, lesioning studies resalemination (Philips, BR125 IR 250 W). During the initig
behavioural organisation from photoperiodic sensitivity (Binklegcclimation phase, the photoperiod was gradually decreased
et al., 1972; Menaker and Keatts, 1968; Menaker et al., 1970; Raiching DD (red light excepted) on 22 December 2017. Bird
et al., 2007; Siopes and Wilson, 1974; Wilson, 1991). Nevertheld38 were held under red light to allow for husbandry. The bi
adaptation to the Arctic might have had a substantial impact on temained in DD for 5 weeks prior to experimental light treatme
entire circadian system, which could also affect circadian-based
photoperiodic induction. Fibroblast cultures from reindeer sh@sperimental light treatment and sampling
arrhythmic clock gene expression (Lu et al., 2010) mndilico After 5 weeks of DD, 5 individuals were sampled as an ini
analysis on clock genes revealed mutations that might impesttrol group. This marked the start of the experiment (point
circadian rhythm generation (Lin et al., 2019). If Arctic animalBhereafter, the three experimental groups were transferred to
cannot sustain circadian rhythmicity in the polar day and polar nigleispective light treatments (Fig. 2 and Table S1). Six birds reme
this might limit photoperiodic responses through coincidence timiimg DD until the end of the experiment, 9 birds were direc
to those phases of the year with a robustidatk cycle. transferred into LL and 9 birds were exposed to a simulated na
To investigate this, we have performed photoperiod manipulatigrietoperiod (SNP). The SNP treatment reflected an increase i
in captive Svalbard ptarmigabggopus muta hyperbor&gundevall length following the progression of civil twilight onset and offset
1845), the northernmost resident herbivorous bird species (Fig.Lbngyearbyen, Svalbard (78°N815°38E; Table S2).
Svalbard ptarmigan are highly seasonal in their breeding physiolog¥rour individuals were sampled after 38 h in LL. This sampl
(Steen and Unander, 1985; Stokkan et al., 1988, 1986) and bectime was chosen to coincide with acute photoperiodic g
behaviourally arrhythmic around the solstices (i.e. during the pdleduction as previously reported in the quail MBH and
night and the polar day) (Reierth and Stokkan, 1998). Simil@akao et al., 2008). Subsequent samplings aimed to invest
dampening of melatonin rhythmicity has also been observed (Reietttonic changes in gene expression, and were undertaken at
et al., 1999). time points on the following days: After 5 weeks, 4 individuals w
In order to test if a lighidark cycle is necessary to induce a longampled from the SNP group as they reached LD 12:12.
day response in Svalbard ptarmigan, we transferred birds, acclimagedpling was performed 3.5 h after lights on. After 10 weeks ¢
to constant darkness (DD), either into a gradually increasiight treatment, all remaining birds from all groups were samp
photoperiod or directly into constant light (LL). The former grouphe SNP group had reached LL through a gradual increas
therefore received a rhythmic lighark cycle while the latter did not. photoperiod 4 days before the final sampling. All groups
The control group remained in DD. We measured gonadal mass enthanised between 09:00 h and 15:00 h local time. The DD g
behavioural activity as well &ya3 Tsh , Dio2 andDio3 expression was euthanised on the day after the LL and SNP group. Sampli

in the PT/MBH region. birds in DD was performed under dim red light only. Brains w

removed after euthanasia and rapidly transferred onto a cooled
MATERIALS AND METHODS block until stored at 80°C. Testes and ovaries were removed ¢
Experimental animals and housing measured post mortem.

All animals were kept in accordance of the EU directive 201/63/EU

under a licence provided by the Norwegian Food Safety authorfivity
(Mattilsynet, FOTS 7971). Chicks were hatched from eggs ldidcomotor activity of all experimental birds was continuou
by captive adult Svalbard ptarmigan at the University of Tromsecorded as movement per minute by passive infrared se

O Fig. 1. Svalbard ptarmigan ( Lagopus muta hyperborea )
and where to find them. (A) A male in white winter plumage
and a female in brown summer plumage (photo credit: Ida-
Helene Sivertsen). (B) The Svalbard ptarmigan is a sub-
species of the rock ptarmigan (Lagopus muta) and inhabits the
High Arctic archipelago of Svalbard (74-81°N latitude).
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38h LL and treated with RNase-A solution (500 mmaélNaCl, 1 mmol I 1

v ¥ Tris-HCI, 1 mmol I* EDTA, 20 ug ml1) for 30 min at 37°C.
Subsequent stringency washesengrformed in SSC (supplementt
with 1 mmoll* DTT) of decreasing concentration: 2x SS
18 4 (2x5 min), 1x SSC (1x10 min), 0.5x SSC (1x10 min), 0.1x
(30 min at 60°C), 0.1x SSC (rinse).

Slides were dehydrated afterwards in stepwise increasing et
12 4 — L solutions (50%, 70%, 96%, 100% for 3 min each) and dried u
vacuum. Dried sections were exposed to autoradiographic

(Carestream Kodak BioMax MR film) for 9 to 12 days. Expos
6 Vv Sampling films were developed, fixed and digitalised with an Eps
transmission scanner. Optical density (OD) was measured
Imaged (version 1.51k).

24

— DD

—— SNP

Hours of light dayP1

0 v
. . . Analysis
0 5 10 Actograms were produced with the ActogramJ plugin for Ima
Week after transfer to LL and SNP (Schmid et al., 2011) and period length of activity was measure

chi-squared periodograms produced by the same program. Gra|
Fjg. 2. Experimen'tal design. C_onstant da_lrkness—adapted (DD) birgs were gene expressions in the PT/MBH region and gonadal mass
elthert_ransferred into constant light (LL)_, smulated nat_ural photoperlod (SNP) prepared in GraphPad Prism 8 (version 8.0.2). The results
or retained under DD. Red arrowheads indicate sampling points. . L . .
plotted as each replicate with lines going through the respective
of each group at each sampling point. Statistical comparisons
mounted on the cage doors. Data were collected by an Actimetride by one-way ANOVA and Tukeypost hodests, performed o
CL200 USB interface coupled to ClockLab data acquisition softwdog transformed values to ensure homogeneity of variances
(version 2.61). threshold for significance wa<0.05. Individual values for gen
expression with the corresponding gender can be found in Tabl
cDNA cloning and  insitu hybridisation
Probe synthesis ammisituhybridisation were performed as describeRESULTS
in Lomet et al. (2018). RNA was extracted from Svalbard ptarmigactivity rhythms
brain tissue using TriReagent (Sigma) and converted into cDWAor to the experimental treatment, all birds in DD exhibited s
using Omniscript RT kit (Qiagen). The Icelandic rock ptarmigapisodic bouts of activity with no clear periodicity (Fig. 3, Figs
genome (Kozma et al., 2016) was used to design PCR primersutd S2), and for birds continuing on DD the same pattern
amplify cDNA fragments fofsh , Eya3 Dio2 andDio3. PCR was maintained. In birds transferred to LL, episodic activity contin
performed with Taq DNA polymerase (Qiagen). PCR products ssimetimes with ultradian periodicity. Period lengths were typic
correct sizes were extracted and cloned into pGEMT easy vectorthe range 320 h, and highly variable between individuals. Bir
(Promega). The inserts (Table S3) were sequenced (Eurofiaasferred to SNP, based on Svalbard civil twilight progress
Sequencing services, Germany) and verified against the referestm®ved robust daily rhythms with a period of 24 kQR5).
genome.
Cloned vectors were stored a20°C until further use. Prior to Gonads
hybridisation, vectors were linearised and transcribed usingTestes and ovaries were initially regressed in all groups (Fig. 4
Promega transcription kit in combination witiF%-UTP isotope and subsequent development depended on photoperiodic trea
(PerkinElmer) to obtain radioactively labelled complementafiy<0.0001 by one-way ANOVA in both cases). Exposure to
riboprobes. The riboprobes were purified with illustra MicroSpstrongly stimulated gonadal maturation for both testes and ove
G-50 columns (GE healthcare) and incorporatiofP8fUTP was so that after 10 weeks masses increased 22-fold and 93
measured by a liquid scintillation counter (Triathler multilabeéspectively (R0.0001 by Tukels post hoctest in both cases)
tester, Hidex). Gonadal maturation in birds maintained in DD and in female b
Frozen brains were cryosectioned at 20 um and sections containimger SNP, was negligible (DD, 1.4-fold; SNP, 1.1-fold compa
PT and MBH were mounted to pre-coated adhesion slides (Superhatst initial values) while male birds transferred to SNP showe
Plus, VWR). Brain sections were fixed in 4% paraformaldehydeore modest (3.2-fold) but nonetheless statistically signific
(0.1 mol | 1 phosphate buffer) for 20 min at 4°C and rinsed twice wiihcreased testicular mass by the end of the study.(®1 by
0.1 mol | * phosphate buffer for 5 min. Fixed sections were acetylaf€dkey s post hodest).
with 3.75% v/v of acetic anhydride in 0.1 motltriethanolamine
buffer (0.05 molI* NaOH) and rinsed twice with 0.1 moM Eya3 and Tsh expression
phosphate buffer for 5 min. Sections were subsequently dehydrated expression ofsh andEya3over the course of the study we
with stepwise increasing ethanol solutions (50%, 70%, 96%, 100%dependent on photoperiod<{®.0001 by one- way ANOVA in bot
3 min each) and dried under vacuum for at least 1 h. cases) (Figs 4C,D and 5). Expression of both genes was belo
Dried sections were hybridised with®kfpm of riboprobe per slide detection threshold at week 0, and rose dramatically 38 h afte
in hybridisation buffer (50% deionised formamide, 10% dextraransfer to LL (R0.001 in both cases by TuKeypost hoctest).
sulfate, 1x Denhardt solution, 300 mmol f NaCl, 10 mmol I*  Thereafter expression of both genes was maintained at high |
Tris-HCI, 10 mmol I DTT, 1 mmol | 1 EDTA, 500 ug mI*tRNA).  until the end of the study (week 10). In birds exposed to SNP, le
Hybridisation was performed at %6 overnight. Hybridised sectionsof both genes remained undetectable 5 weeks after the tral
were washed with 4x saline sodium citrate (SSC) solutions (3x5 mirfjen the photoperiod had increased to 12 h of light. Subseque
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