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ZUSAMMENFASSUNG

Die vorliegende Arbeit behandelt das nach wie vogeklarte Ph&dnomen der Laufradaktivitat
sowie deren Einfluss auf die Physiologie, Morphaognd Auspragung biologischer Rhythmen
bei Dsungarischen ZwerghamsterBh¢dopus sungorlis Zwei Eigenschaften machen diese
nachtaktive Nagerart aus Zentralasien zu eineminstdmessanten Tiermodell: Neben einer hohen
Laufbereitschaft zeigen die Hamster eine ausgepragpassung an das kontinentale Klima mit
extrem kalten Wintern. Gesteuert durch die abnellmehageslange werden im Herbst die
Gonaden zuriickgebildet und das Kérpergewicht resuzzudem wechseln die Tiere vom grau-
braunen Sommerfell zum besser isolierenden weil3arteviell und kdnnen aul3erdem Energie
sparen, indem sie die Kdrpertemperatur fur einigend&n auf minimal 14°C absenken (Torpor).
Zur Umkehrung dieser Vorgange kommt es, wenn dimster gegen Ende des Winters, oder nach
entsprechend langer Haltung in einem kinstlichemttDunkel-Wechsel mit kurzer Photophase
(z.B. LD 8:16), gegenluber dem Kurztag-Signal ,rkféa‘ werden. Um zu sehen, ob sich die
Bedeutung der Photoperiode fir die Saisonalitat Hamster (Photoperiodismus) auch im
Aktivitatsrhythmus widerspiegelt, wurde der taglisfederkehrende Wechsel von Aktivitats- und
Ruhephase im Jahresverlauf aufgezeichnet. Es kemmtedurchgehend enge zeitliche Beziehung
gezeigt werden zwischen Aktivitdtsbeginn und Abémddherung sowie zwischen dem Ende der
Aktivitatsphase und der Morgenddmmerung. Die Lamge Aktivitditsphase war damit im
Jahresverlauf eng gekoppelt mit der Dauer der NadamtHerbst und Winter war jedoch der
Tagesrhythmus der Hamster ohne Laufrad schwachsyeptégt als bei den Tieren mit Laufrad
oder fehlte sogar vollstandig. Dies bestatigt didedrie, dass Laufradaktivitat einen
stabilisierenden Einfluss auf die Rhythmik der €ibat. Die Laufradaktivitat hatte dartiber hinaus
starken Einfluss auf die Auspragung verschiedenerkimale der saisonalen Anpassung. Der
typische saisonale Verlauf des Kdrpergewichts wutdeeh einen Wachstumseffekt verhindert,
und die Phase der zuriickgebildeten Hoden war verkéwf3erdem zeigten die Hamster mit
Laufrad keinen Torpor, wohingegen die Fellumfarbungeeinflusst blieb. Die Kérperzusammen-
setzung war ebenfalls verandert und wies einent&ohsiedrigen Fettanteil auf. Ein weiteres
Experiment lieferte Giberzeugende Hinweise daragsdLicht auch bei dieser nachtaktiven Spezies
Laufradaktivitat unterdriickt (negative Maskierung)d damit die zeitliche Beziehung zwischen
dem auleren Zeitgeber und dem Aktivitatsrhythmugnaert. Dass auch die innere Uhr direkt
beeinflusst werden kann, zeigte sich durch eindamgerte Periodenldnge des freilaufenden
Aktivitatsrhythmus nach Veranderung der AufRentemfper unter konstanten Bedingungen
(Dauerdunkel). Da sich jedoch nur in einer von zGeuppen die Aktivitdtsmenge gedndert hat,
ergeben sich Zweifel an der gangigen Hypotheses dbes Aktivitats-Level allein fir die
beobachtete Veranderung der endogenen Periodetwertlich ist. Insgesamt bestéatigen die
vorliegenden Ergebnisse die Annahme, es handle lschder Laufradaktivitdt um ein Labor-
Artefakt, unterstitzen aber ebenfalls die Einsdkuag, dass moglicherweise ein natlrliches
Verhalten lediglich verstarkt oder verandert isindgseits missen potentielle Effekte bei der
Planung zukunftiger Experimente bericksichtigt veardandrerseits konnten die Einflisse auf das
Korpergewicht, die Hodenentwicklung und Torpor figiith sein bei der weiteren Erforschung der
Regulation dieser Parameter.

Laufradaktivitdit e+ Saisonale Anpassung Korpergewicht



SUMMARY

The present thesis deals with the still unexplainad baffling phenomenon of wheel-running
activity. In Djungarian hamster$iodopus sungorlighe characteristics of wheel running were
examined as well as its effects on physiology, molpgy and the occurrence of biological
rhythms. This species provides an excellent animadlel due to a high motivation to run in a
wheel and its evolved seasonal adaptation compafsgglveral traits that change during the year. In
anticipation of the harsh winter in the steppe€eifitral Asia the animals reduce their body weight,
change the fur colouration which is combined withipioved insulative properties and become
reproductively inactive due to regression of tlgginads. Finally, daily torpor contributes to saving
energy. This shallow form of controlled hypothernsarestricted to the daytime and may last
several hours. Winter acclimatisation already bggim late summer and is mainly driven by
decreasing day length. At the end of the winterhlmsters become refractory for the ‘inhibitory’
short-day signal and the processes are reversedrder to see whether dependence on the
photoperiod (photoperiodism) is reflected by thdydactivity/rest cycle in the course of the year
the annual activity pattern was registered. Themixation revealed a close temporal relationship
between the activity onset and dusk as well as dmtwthe cessation of activity and dawn
throughout the year, i.e. a strong correlation leetwthe duration of the nightly activity phase and
the night length. However, during autumn and wirttex daily rhythm was weaker in hamsters
without a wheel compared to exercising animalsit @ven disappeared. This finding is well in
accordance with the hypothesis that wheel runnig do stabilising effect on rhythmicity in this
species. In addition, wheel-running activity strigngffected different traits of the seasonal
acclimatisation. For instance, the typical seasdwly weight cycle was prevented due to a
growth-stimulating effect of running exercise, ahe phase of involuted testes was shortened.
Moreover, daily torpor was completely inhibitedhamsters with running wheel access, whereas
the fur colour change was unaltered. The body caitipa of exercising hamsters was also
affected and reflected a constant low body fat@amntA further experiment provided evidence for
a suppressing effect of light (negative maskingtreel running which may cause alterations in
the phase relationship between the exogenous timeid the overt behavioural rhythm. A direct
influence on the internal clock was demonstratedri®ans of the free-running activity rhythm
under constant darkness with changes in the ambeemperature (J). Indeed, two groups of
hamsters exhibited an altered length of the freming period subsequent to the change in T
However, only in one group the amount of wheel-ingractivity was changed which contradicts
the notion that such alterations in the period flerage linked to changes in the activity level. In
conclusion, the present results argue for the gsgomthat wheel running is a laboratory artefact
but, equally, support the possibility of an aridity enhanced or altered natural behaviour. On the
one hand, the findings point to the importancearfsidering potential effects when wheel-running
activity is involved in prospective experiments. e other hand, the impact of running exercise
on body weight, testis cycle and torpor as showthigthesis might be helpful for investigations of
the regulation of these parameters.

Wheel-running activity ¢ Seasonal adaptatioe Body weight
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Introduction

Movement is one of the fundamental properties afhats. The importance of motility is
reflected by the variety of adaptive locomotiongiaig from swimming to flying. Almost
all areas of the animals’ life are directly depemtden mobility. For example, for sexual
reproduction a mating partner that in generalfiisatnoving about has to be found. In this
regard, locomotion is essential for the continoityhe species. Survival of individuals and
successful reproduction in turn is intimately coeted with sufficient food supply which is
impressively reflected by annual migrations predwnitly in mammals and birds.
Populations of the Wildebeestgnnochaetes taurinysnigrate up to 3,000 kilometres per
year, and the Arctic terrSferna paradisagaeven covers the ten fold distance each year
during the flight from the Arctic breeding grountts the Antarctic and back. Although
these examples represent extremes they neverthdsenstrate the importance of
mobility. In this context, it appears to be necegsa mention that locomotion in animals
usually has no end in itself but is purposive wéhpect to the basic needs such as feeding.
But due to the associated increase in energy cqotsoma kind of cost-benefit calculation
has to underlie the animals’ activity behaviour. ddmm day humans, in contrast, use
exercise to improve their well-being, which, fromphysiological point of view, is an
energy-wasting behaviour. However, this loss ofestaenergy, preferentially fat, is only
feasible at times of opulence and is highly desirednany cases of human voluntary
exercise. Long-term benefits on physical and mehtdlth are probably the major
motivations for frequent physical exertions thavénano obvious immediate goals. The
latter fact also applies to voluntary wheel runmivigich comprises a significant portion of
activity in many species including rodents. Therefathe question arose whether the
animals’ wheel-running activity exhibits parallétshuman exercise (Eikelboom 1998). It
is worth mentioning that considerable endurancéop@ance in men may lead to elation,
the so-called runner’s high, which is due to a nvaseelease of endorphins and, thereby,
may even result in an exercise addiction. Suchnseguence in animals caused by wheel
running is very unlikely for several reasons. Rddehat obtain access to a running wheel
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usually show a high level of exercise right frore 8tart, indicating the wheel per se to be
highly attractive for the animals. Indeed, it isahormal that the amount of wheel-running
activity increases within the first days or weeksirgy the impression of an increasing
dosage. The explanation for this rise, howeveratiser less spectacular but convincing. It
is assumed that instead of showing ‘drug abusimgeur’ the animals simply need some
practice (in a wheel) before they show a stabldepatof usage (Sherwin 1998Db).
According to this assumption, wheel-running acyivisually decreases after a certain time
of free access, indicating that the motivation to rgradually weakens over time
(Gattermann et al. 2004).

With respect to a biological perspective, wheelnrag initially was tried to be explained
by equivalent natural behaviours rather than aidlfiiy evoked motivation. Accordingly,
running exercise was suggested to be a substautsefirching or exploratory activity (for
review, see Mather 1981), presumably also dueffuliies in assuming that an animal’s
behaviour might be performed for its own sake. Hoave the substitution theory as
exclusive explanation is strongly contradicted bides where rodents showed
pronounced wheel running regardless of whetheetivironment was massively enriched
or not (Brant and Kavanu 1964, 1965, Sherwin 1998&ap results point to the high
motivation of animals to run in a wheel, which r®yen by several intriguing findings. For
instance, in rats the food intake was depresseddueral days when provided with a
running wheel (Looy and Eikelboom 1989). If, howevéeeding was linked to the
possibility of running in a wheel, rats increasediregy to gain wheel access (Timberlake
and Wozny 1979). The importance of wheel runningaonimals was also demonstrated
with operant tasks or aversive environments whegestrength of motivation was tested by
means of unlocking a wheel (Belke and Heyman 12®ljer et al. 1990, Iversen 1993),
or gaining access to areas containing a wheel {&met996, 1998a, Sherwin and Nicol
1996). Sherwin (1998b) met the challenge of findaggeneral interpretation for this
distinct behaviour by considering a tremendous remal studies on internal and external
causal factors as well as potential functions oé@trunning. He came to the plausible
conclusion that ‘wheel running has no directly agalus naturally occurring behaviour’, is
‘self-reinforcing’ and ‘may be an artefact of cajtienvironments or of the running wheel
itself’.

Despite the unknown ‘nature’ of the behaviour, savdecades ago wheel-running activity

evolved as an important tool in a certain field Wwblogy, namely chronobiology.
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Measurements of the periodically occurring procesaee naturally indispensable for
investigations of biological rhythms. In this redafor determination of for example, the
activity/rest cycle, wheel running provides a pageten that is easy (and non-invasive) to
measure. In contrast to the general activity ofmaté, records of running exercise usually
contain considerably less noise, and thereforetsresed offsets within the daily activity
pattern are easier to determine; and exactly thefeeence points are the basis for precise
rhythm analyses. Furthermore, registration of wheslolutions enables an accurate
guantification of the corresponding activity betwauri which becomes important when for
example, external factors such as light or ambiemperature are varied to reveal their
influence on the activity pattern. In general, tvert activity/rest cycle of animals is seen
as a behavioural output that is driven by the mdakeclock. The relationship between the
daily occurrence of activity/rest and the endogenpacemaker, which is localised in the
hypothalamus (suprachiasmatic nuclei, SCN) of malsinisloore and Eichler 1972,
Stephan and Zucker 1972), becomes apparent whemaktime cues are excluded. Under
such conditions with a constant ambient temperadma without a light-dark cycle, i.e.
either constant light (LL) or constant darkness JPdh activity rhythm is still present with
a period usually slightly deviating from 24 houcgr¢adian). This free-running period) (
impressively reflects the functionality of the iméet clock. In contrast to a constant
environment, under natural conditions the circadiaythm of the endogenous clock is
entrained by the 24-hour night-dark cycle thahis tnost potent ‘zeitgeber’ (external time
cue) for daily biological rhythms. However, lightes not only adjust the period and/or
phase of the internal oscillations in the SCN bigb airectly effects the overt output
rhythm, i.e. activity. In nocturnal rodents, e.gctivity is suppressed by light which is
called negative masking (for review, see Mrosovs899). Hence, under conditions with a
light-dark cycle (24 h) the observable activity tthp of an animal results from the
influences of both the internal clock that is emmtea by the light-dark alternation and the
light-dark cycle itself. One component is still kimy in this general model of the
mechanisms showing how the period of the overviggtihythm is generated, namely the
activity itself. Considerable amounts of activieyg. wheel running during the light phase
of a light-dark cycle can pronouncedly shift theapd of the activity rhythm by several
hours in nocturnal Syrian hamsterBleSocricetus auratgsfor instance, which was
observable when the hamsters were released intsubBequent to the day of access to a

novel wheel in the rest phase (Janik and Mrosovd€82, Mrosovsky and Biello 1994).
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Under constant conditions those phase shifts matga be connected to a change in the
free-running period (Weisgerber et al. 1997). Altbb some correlations between the
occurrence of both effects and the number of raiaia were found, the findings of
increased wheel running due to a lowered ambienpéeature without enhanced effects
indicated that a particular amount of activity @& own is not sufficient but additionally
needs a high motivation (Janik and Mrosovsky 198@sovsky and Biello 1994). This is
in accordance with an early proposition of Asci{@#60) who suggested that the ‘level of
excitement’ is involved in generating the perioddth of activity rhythms. In following
investigations this term was equated with the #gtievel, or more concretely, with the
amount of activity which appeared to be too sinmguif(Koteja et al. 2003). Nevertheless,
there is no doubt as to the feedback effects ofiqaroced exercise on the internal clock.
On the one hand, this fact reflects the compleafthow an observed period length and
phase is generated, and on the other hand, it Ecampparent that the extensive
knowledge about the influences of wheel running@ssential for the further use of this
parameter in biological rhythms research.

Apart from effects on the occurrence of rhythmsning exercise was shown to evoke
various impacts in rodents. For instance, wheelninqm enhances hippocampal
neurogenesis and learning in mice (Van Praag et1889). Furthermore, several
physiological and morphological effects have beemanstrated in Syrian hamsters that
display seasonal changes in gonads, body weighinaidence of deep hibernation. Short
photoperiod-induced gonadal regression is incorapfehamsters with access to a running
wheel (Gibbs and Petterborg 1986), although theahentegration of the photoperiodic
signal is not prevented (Menet et al. 2005). Hiagam is even completely inhibited by
wheel running in this species (Menet et al. 2003)e most striking finding was the
exercise-induced increase in body mass (Borer aaolak 1977, Borer and Kooi 1975,
Gattermann et al. 2004) which is caused by groihrdr and Kelch 1978, Borer and
Kuhns 1977).

There is also evidence of wheel running interferingh seasonal acclimatisation in
Djungarian hamsterdPfiodopus sugorysalso known as Siberian hamster) insofar as the
short day-induced body mass reduction was affeasedell as the frequency of shallow
daily torpor (Thomas et al. 1993). The marked seal#y of these dwarf hamsters reflects
the strong annual changes of their natural envieminirhe species inhabits the steppes of

eastern Kazakhstan, western Siberia and the Krazskyregion of Russia along the
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Yenissei River (Ross 1998). This information, hoarvs based on relatively old data and
therefore is possibly obsolete. Nonetheless, tistrilblution area is characterised by a
continental climate with extremely cold winters.aflks to an evolved seasonal adaptation
in several physiological and morphological tralie small rodents are able to cope with
the harsh environmental conditions in winter. Tharnge from the summer hamster to the
winter phenotype is driven by decreasing day lengththe correlating length of the
nightly secretion of pineal melatonin (Bartness @dldman 1988, Hoffmann 1979,
Hoffmann et al. 1986, Steinlechner 1992). As alyeaéntioned above, the animals reduce
their body mass during short-day acclimatisatioroffidann 1973, Steinlechner et al.
1983) instead of increasing fat stores which isyeehsonable for larger animals. Due to
the decreased body mass the total energy consumptiowered although the increasing
surface to volume ratio facilitates heat loss (Hedter and Steinlechner 1981b). This
disadvantage, however, is overcompensated by thie msulative properties of the white
winter fur compared to the greyish-brown summer Raily torpor is another winter trait
that helps to save energy (Heldmaier and Steinkrch®81a). The temporal occurrence of
torpor events is under the control of the endogeriouekeeping system and restricted to
the rest phase of the animals, i.e. in the dayiifgf et al. 1987). Accordingly, single
torpor bouts may last up to eight hours. Generbaibdy temperature does not drop below
14°C during this shallow form of controlled hypotftmea compared to deep hibernation
(Heldmaier et al. 1989). Increased thermogenic aapaf brown adipose tissue (BAT) in
short days is not only helpful for re-heating thedy of torpid hamsters but is the
fundamental adaptation for coping with severe cogl@éldmaier et al. 1982). For this
reason, it is intriguing that the seasonal bodysydecline is mainly due to a reduction in
fat mass (Wade and Bartness 1984, Klingenspor. @080) including BAT (Rafael et al.
1985), pointing to the selective advantage of ael@d body mass in winter. This short
day-induced reduction in body mass was shown tprbeisely regulated (Steinlechner et
al. 1983) suggesting a ‘sliding set-point’ (intraeéd by Mrosovsky and Fisher 1970).
After a temporary food deprivation during the ceurdf body mass reduction, hamsters
regained weight when again provided with abundaat famounts matching those values
of the control animals that showed a regular declin body mass. However, the
underlying regulation mechanism of the seasonalybwdight cycle that is linked to
seasonal adiposity has not yet been fully undedstdbe initial voluntarily decreased food

intake, as well as the depletion of stored fat ioghés brain regions that are involved in
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regulation of energy balance such as the hypothalaancuate nucleus (ARC).
Accordingly, photoperiodic influences on gene espren were shown for several factors
that are involved in the acute or homeostatic @niwf energy balance, e.g.
proopiomelanocortin (POMC), agouti-related prot@®RP), cocaine- and amphetamine-
regulated transcript (CART) and the leptin recefg@B-Rb), but not for neuropeptide Y
(NPY) known for its orexigenic effect (Mercer et. &000, 2003). Furthermore, the
regulation of histamine H3 receptor (H3R) was destr@ated to play a potential role in
seasonal physiology of Djungarian hamsters (Baretal. 2005) as has been shown
together with histamine synthesis in the annualecg€ hibernation of the ground squirrel
(Citellus lateralis Sallmen et al. 1999, 2003a-c). The stomach-derha@mone ghrelin is
regarded to have opposing (i.e., stimulating) eff@n appetite and body mass in contrast
to leptin but does not seem to play a crucial inolenodulating the long-term seasonal
weight cycle (Tups et al. 2004). In contrast, hjxa¢emic responses to circulating leptin,
which is produced by adipocytes, appear to be itapofor the reduction in body mass as
well as for recovery. It was shown that the fatgatay hamsters with already high blood
leptin concentrations are less sensitive to exagenieptin than the lean short-day
individuals with an appropriate low leptin levelliiggenspor et al. 2000, Rousseau et al.
2002). This seasonal change in leptin sensitigtgupposed to be the explanation for the
paradoxical situation of a decreasing leptin led@t to reduced body fat which does not
interfere with a further body weight decline durstgprt-day acclimatisation and vice versa
when the hamsters have become photorefractory @auset al. 2002). More recent
studies have revealed that the suppressor of eyatignalling 3 (SOCS3) is involved in
the regulation of seasonally changing leptin sevitsitin Djungarian hamsters (Tups et al.
2004, 2006) and field volesgVifcrotus agrestis Krol et al. 2007). However, it is still
unclear whether the explained mechanism only pesvithe prerequisite for a seasonal
change in body mass by switching from high lep@nsstivity to resistance (or vice versa)
or even enables the precise regulation of a selgamgpropriate weight. Therefore,
elucidation of the mechanisms by which ‘defendedybweight’ is adjusted remains a
major research objective (Mercer et al. 2003). @&digh the regulation of, for example,
daily torpor and the seasonal weight cycle stiff tmbe investigated, the seasonal traits of
Djungarian hamsters are well characterised. Tlnesspecies provides an excellent animal
model for investigations of wheel-running effectsghysiology and morphology also with

respect to seasonality. Moreover, the Djungariamgter is a widely-used species in
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biological rhythms research which substantiatesntbed for information about potential
impacts of wheel-running activity not only on plolsgy but also on rhythmicity.
Therefore, the aim of the present thesis was toigecfurther knowledge about a distinct
behaviour that is used as hand of the clock, hiiisse conundrum. For investigating the
characteristics and consequences of wheel runmntis species different experiments
were carried out. In the first part of the studpgeter 2) the ambient temperature was
varied in combination with two lighting conditiorie examine the influence of ambient
temperature on the amount of wheel running in btddark cycle and on the free-running
period in constant darkness. The second part feduss the daily activity pattern in the
course of the year (chapter 3). Since the seasm@imatisation is triggered either by
decreasing photoperiod incipient in late summerbgr becoming refractory for the
‘inhibiting’ signal of short photoperiods in lateimter, exposure to natural lighting
conditions was chosen to see whether the hamgtatoperiodism is reflected by the
photoperiodic entrainment of the annual activityttgra. In the last part of the study
(chapters 4 and 5), influences of wheel runningbysiology, morphology and behaviour
were examined with particular attention paid to mhest striking property in this species,

i.e. seasonality.



Effects of changes in ambient temperature on wheekng

activity and the free-running period

ABSTRACT

Exposure of female Djungarian hamsteBhd@dopus sungorlisto different ambient
temperatures (F) revealed a significantly decreased amount ofelvhening activity at a
thermoneutral I (26-27°C) compared to a common housing tempera{@&e5°C).
However, lowering of the jJto 15°C did not evoke a further increase of wireahing.
The results of repeated exposure to 22.5°C showazhsiderable decrease of total daily
revolutions (~30%) within ten weeks. Comparisom t®econd group differing in the age of
the animals at their initial RW access indicateat tihe decline in the amount of running
was related to the duration of RW access rathar #mage effect. Analysis of the phase
relationship between the onset and offset of whemhing and the zeitgeber revealed no
significant changes in the entrainment of the @gtrshythm to the light-dark cycle of 16 h
of light and 8 h of darkness. Under constant das&nbowever, the free-running periajl (
was significantly altered after a change of the The direction of the change in period
length was similar for two groups of hamsters, sipective of whether the initial ;T
(22.5°C) was lowered (15°C) or elevated (26°CYhim case of increased Wheel-running
activity significantly decreased, so that the I&egied: was well in accordance with the
assumption of a negative correlation between thigigclevel and the period length of the
circadian rhythm. Contradicting, the animals of seeond group maintained the number of
revolutions subsequent to the decrease,ibut even significantly increasedcompared to
the first group, indicating influences omndependent of the activity level.
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INTRODUCTION

Wheel-running activity is commonly known to influmnthe daily body temperaturepfT
rhythm in rodents. In Syrian hamsteMesocricetus auratysfor instance, not only the
amplitude is increased in exercising animals coegbén sedentary controls (Golombek et
al. 1993) but after three weeks of running wheaNjRaccess also the, Tevel during the
light phase is elevated while an acute effect durutining is lacking (Conn et al. 1990).
The brain temperature, however, even decreasé® isame species immediately after the
start of running activity and recovers rapidly sedpsent to its cessation (Gordon et al.
1981), demonstrating one aspect of thermoregulatmmtributing to the pattern of the
body temperature rhythm. Consistently, chronic rtedr stimulation of the anterior
hypothalamus greatly inhibits free-running activigordon et al. 1980). In this regard it is
not surprising that running activity of rodentsinfluenced by ambient temperature,),T
mostly characterised by an inverse correlation betw locomotor activity and
environmental temperature (Clarkson and Fergusai2,1Bregley 1956, Kauffman et al.
2003).

To investigate T effects on wheel running in Djungarian hamstésodopus sungorjis
that are known to make pronounced use of RWs twapg of animals were exposed to
three different Is with an unequal sequence. Usually, Djungariansters are housed
under long-day conditions with a light-dark (LD)ots of 16 h of light and 8 h of darkness
(LD 16:8) at a T of 20-23°C. For those long day-acclimatised angnahlike the winter
phenotype, even 23°C is below the thermoneutra¢ xath a lower critical value of ~26°C
(Heldmaier and Steinlechner 1981b). Therefore, dditeon to a common housing
temperature (22.5°C) which is equivalent to moderetld (cool) for the hamsters, a
thermoneutral 7(26-27°C) was chosen as well as a caldIb°C). Furthermore, the study
was extended by subsequent exposure to constakhedar (DD) combined with an
alternation in T after several weeks. Those constant conditiongmxfor the unique
change in T were required in order to determine how the leselocomotor activity
influences the period of the free-running activityythm. A couple of laboratories has
already tried to answer this question by using i\8pecies. Some findings were well in
accordance with the proposition of Aschoff (196Battthe length of the free-running

period is negatively correlated with the ‘level ekcitement’ (Edgar et al. 1991,
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Mistlberger and Holmes 2000, Yamada et al. 1988),dbthers were not (Aschoff et al.
1973, Deboer and Tobler 2000). Conflicting resulese even found for the same species
(Mesocricetus auratysin the same laboratory (Mrosovsky 1999). The @méstudy on
Djungarian hamsters should provide further datatf@ ongoing discussion about the

relation between the activity level and the freering period.

MATERIALSAND METHODS

Djungarian hamsterdPfiodopus sungorlisvere bred and raised outdoors under natural
lighting conditions (~52° N latitude) with naturainbient temperatures. After weaning the
animals were housed seperately in polycarbonatescéiglakrolon type II) with food
(hamster breeding diet, Altromin 7014) and tap wateilable ad libitum, supplemented
by a slice of apple once a week.

On June 18 (2004) female hamsters (~2 months old) were tearsd into two
temperature-controlled chambers (22.5 + 1°C, ewadth) a light-dark cycle of 16 h of light
and 8 h of darkness (lights on from 5:00 h to 2hpCQET). Ambient temperature {jTwas
measured and stored with temperature loggers (DB19%nge —20-85°C; resolution
0.5°C; iButton, Maxim Integrated Products, Inc.nB8yale, CA). With the beginning of
the experiment the animals obtained access toramginwvheel (~14 cm inner diameter) in
their home cages. Wheel turns were registered thighhelp of a magnet fixed to each
wheel and a reed switch on every cage lid. Sigmadse continuously conveyed to a
personal computer, summed up and stored in 6-nbémals. After the initial phase at the
common housing Jof ~22.5°C the animals were sequentially exposedifferent Ts
(~15°C, ~27°C) and, at the end of the experimelstp & combination with constant
darkness (DD; dim red light <1 Ix). The sequentevaried T,s was different in the
chambers; for respective sequence and duration,qfh@ises see Fig. 2.1. During the
experiment some animals had to be substituted auwkedth or because of avoiding the
wheel; one individual became blind. Despite substih the sample size was reduced for

comparisons of paired samples (repeated measures).
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Effects of ambient temperature

Chamber 1 Chamber 2
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Figure 2.1. The experimental design is depicteddiivity records (actograms; single plots) of two
individuals. Consecutive days (from 12:00 h to 02K) are plotted one below the other. The
squence of the varied ambient temperaturg (Was different for both groups. Durations of
exposure (days on left side) to specifi¢ afe identifiable/denoted by different grey valdes
activity illustration. The lighting conditions anedicated either by vertical lines for lights-offich
lights-on (LD 16:8) ore by the lack of those lif&D).

For statistical analyses of wheel running ten days of experimental phases 1-4,
respectively, were averaged for each animal. ldahttonsecutive days were chosen for
each individual from the end of the phases, if mopossible due to failures in data
acquisition or obviously unrepresentative low dalyounts of wheel running. Activity

onsets and offsets were determined by comparisaawfdata and an activity threshold
resulting from the same raw data set but processthda moving average of 24 hours and

finally lowered by 50% (for details, see chapter Rg¢riod calculation of the free-running
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Chapter 2

rhythms were carried out with the software Peanuisen by Thomas Ruf (Lomb-Scargle
periodogram; Ruf 1999, Van Dongen et al. 1999)nftbe data of DD conditions at least
the first 12 days were excluded due to individuatampression of the activity phase
obscuring the rhythm. Determinations of the perfaith ~20 consecutive days; at least
12) and the amount of wheel running (for all daysDD except for the first 12) were
carried out for the two phases in DD with differéRf (Fig. 2.1). Differences were

considered statistically significant whEen< 0.05. Values are given as means and SEM.

RESULTS

In the first part of the study two groups of hamstevere exposed to three different
ambient temperatures {Twithin four consecutive experimental sectionsg(R2.2). The
initial and final T, phase (~22.5°C; cool) were similar for both groupske the sequence
of the thermoneutral (~27°C) and cold phase (~15Achetween. Regarding both cool
phases comparison of the amount of wheel-runnitigigcrevealed no group difference,
respectively (Fig. 2.3). Within each group, howewetercise during the final phase was
significantly decreased compared to the initialgghwith the sameT'In the first group
wheel-running activity at ~27°C (following ~15°C)aw significantly reduced compared to
all remainig phases. In contrast, in the secondugrwheel-running activity at the
thermoneutral Twas only reduced compared to the previous coaghand significantly
higher in comparison to the thermoneutral phaggaidp 1.

Some hamsters obtained access to a RW only with bénginning of the fourth
experimental phase (~22.5°C). During this phase thduced a significantly higher
number of revolutions than the remaining hamstéth® same age which were provided
with a wheel several weeks earlier (Fig. 2.4) hthwever, wheel-running activity was not
considered/compared with respect to the age oftimals but with view to the elapsed
time of free RW access, i.e. the wheel runningtéms, a difference was not found

anymore.
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~225C |
~15C

~27TC

~22.5TC 7

~225C |
~27T

~15C

~22.5TC

Figure 2.2. Actograms of four individuals exposedvaried T in LD 16:8. The sequence of, T
phases was different (~27°C and ~15°C) for/betvwemngroups (upper graphs = chamber 1; lower
graphs = chamber 2). Successive days are depicteddugple plot, i.e. in rows (48 h) as well as one
below the other. Vertical lines indicate lights-affid lights-on. Empty rows are due to failures in
data acquisition.
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Analyses of the phase-angle differences betwednitgconset and lights-off as well as
between activity offset and lights-on were carr@d to clarify, whether entrainment of
activity was influenced by varied, TWithin both groups there was no significant cleng
neither in timing of the onset nor in temporal atence of the offset with respect to the
different T;s (Fig. 2.5). However, activity offsets were deldye the thermoneutral phase
(~27°C) of group 2 when compared to the cold (~352@ (second) cool phase (~22.5°C)

of group 1.
50000 ~
Chamber 1 Chamber 2
40000 ~ T
z .
> 30000+ b I T
S a
= I
S 20000+
[0]
o a
10000
0
~225  ~15 ~27  ~225 ~225  ~27 ~15  ~225
Ta(T) Ta(C)

Figure 2.3. Amount of wheel-running activity (meanSEM) at different ambient temperatures
(Ty. The sequence of changes in(ffom left to right) was different for both grougs, n=7; 2,
n=>5). Friedman RM ANOVA on ranks revealed differesevithin group 1K < 0.01) and group 2
(P < 0.05) further analysed by pairwise comparisomd&nt-Newman-Keuls). Phases of the same
T, were compared between groups with Mann-Whitnek am test; a = significantly different
from all other experimental phases within the gr@@g: 0.05); b = significantly different from the
corresponding Jphase (~27°C) of group P & 0.05).
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Effects of ambient temperature

After about five weeks of DD the,{~22.5°C) was either elevated to ~26°C (chamber 1)
or reduced to ~15°C (chamber 2), as shown in Efg). Both the increase as well as the
decrease of Jled to a significantly elongated free-running pdrifP < 0.05; Wilcoxon
matched pairs test; Fig. 2.7). However, the meaouainof period elongation (h) was
significantly higher in the latter group that wasgpesed to cold (0.50 £0.23 vs.
0.16 £ 0.06;P < 0.05; Mann-Whithney rank sum test). Despite finging there was no
difference in the absolute values between the groups, neither before nor e T,

change.

50000
T,~22.5C

40000
30000 *
20000
10000 -

0-

<20 days <20 days >2 months

Revolutions/day

Running wheel access

Figure 2.4. Wheel-running activity (mean + SEMhaimsters with either more than two months of
free access to a running wheel (RW) or only leas tBO days prior to the ten analysed days. The
first and third column represent different grougshamsters rf = 6; n=12) with the same age
(=5 months old) but different with respect to thealion of the proceding RW access. The second
column stands for the same individuals as columbus,the animals were younger (~10 weeks
old), and the RW ‘history’ was similar comparedtbe animals represented in column 1. The
Kruskal-Wallis ANOVA on ranks revealed significadtfferences P < 0.01) differentiated by
Dunn’s post-hoc test; * significantly differer® € 0.05) from remaining data sets.
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09 mm-225¢ [1-~225TC
48 C—1~15C I -27C
. -27C [ 1~15T
364 CJ-~225T [C1-~225C
24~

12 1

T T o oW

244

-36

Phase-angle difference (min)

-48

_60 .
Chamber 1 Chamber 2
60~
48
36 I T [

24 |

12 1

0 Lights on
-12

244

-36

Phase-angle difference (min)

-48

-60 -

Figure 2.5. Temporal relation of mean (and SEMiviagtonsets and offsets to the corresponding
phase-reference point of the zeitgeber (lights dffhts on), respectively, at different;T

* significantly different from the second (~15°Q)dafourth experimental phase (~22.5°C) of the
first group P < 0.05; Mann-Whithney rank sum test).
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Effects of ambient temperature

Figure 2.6. Actograms (double plots) of four indivals that were released into constant darkness
(DD) after exposure to LD 16:8. During exposurd® T, (initially ~22.5°C) was either increased
up to ~26°C (upper graphs; chamber 1) or lowereav(d to ~15°C (chamber 2). The respective
free-running period (h) of either before or subgatuo the T change in DD is shown.
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Figure 2.7. Wheel-running activity (left) and fragining periods (right) of two different groups
(n=9; n=8) before and after a change i Under constant darkness. For the amount of
revolutions per day Kruskal-Wallis ANOVA on ranksvealed significant differenceP € 0.001)
differentiated by Dunn’s post-hoc test; * signifitly different P < 0.05) from remaining data sets.
The free-running period of both groups was sigaifiity increased after the change in(F < 0.05;
Wilcoxon matched pairs test). This increase wasenpoonounced in the second grofp<( 0.05;
Mann-Whithney rank sum test).

DISCUSSION

The present results indicate an exercise-suppiessifect of thermoneutral ;Tin
comparison to temperatures beneath the lower a@ritemperature (J) of ~26°C for
long day-acclimatised hamsters (Heldmaier and tehmer 1981b). Indeed, the animals
of the second group were running significantly ldasing exposure to the thermoneutral
T, only when compared to the previous cool phasenbutn comparison to the following
cold phase, in contrast to group 1 with a totalydamount of revolutions significantly
lower at ~27°C compared to all remaining phasesorisistent results, however, were
conceivably due to the unequal sequence of diffefiss. Based on this assumption not
only the absolute environmental temperature playsle but also the magnitude of the
change and, thus the, Thistory’. In order to avoid cold acclimation tHength of the
experimental phase was bounded to the minimum redjdior a meaningful data analysis.
At least visual inspection of the activity recomisl not reveal a trend in the amount of
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Effects of ambient temperature

running during the course of cold exposure. Dedpiesignificantly higher activity of the
second group at ~22.5°C (phase 1) compared to ~Iph@se 3), which might be
explained by the different duration of RW acces$oilee (see below), alltogether the
findings indicate a stimulating influence of ~158Gmpared to thermoneutrality rather
than an inhibiting effect on the amount of whee&lmmng. In this regard, both,3 below the
T seemed to be of comparable influence on wheelingnactivity. For red squirrels
(Tamiasciurus hudsonicysa significant negative correlation between theamelaily
running activity and environmental temperature vesnonstrated for a wide range
reaching from 10 to 35°C (Clarkson and Fergusor2197

12 12
~225C | -
~15T

o §

~22.5TC 1

~225C |

=

~15C

~22.5T -

Figure 2.8. Actograms (double plots) of two indivéds with extremely different responses in
wheel running while exposed to ~27°C. One hamserpbrarily avoided the wheel after the
increase in T, whereas the other animal seemed to be completaiypressed’ by changes in.T
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The authors hypothesised that heat generated bgigxenay result in hyperthermia and
thus, the amount of activity is limited by the |ev# hyperthermia that is tolerated. It
appears unlikely that in the present study the geoin of wheel-running activity at the
thermoneutral 7 was due to severe overheating of the animalseddstthe range of
responses reaching from a complete avoidance affieel to high numbers of wheel turns
only marginally decreased suggests an influencéherindividual motivation/urge to run
rather than an essential self-protection beha\iéigy. 2.8).

Albeit the statistical analysis did not reveal actyange in the entrainment of activity
rhythms due to Jvariations within the groups, there was an apgaesrdency similar for
both groups. The results for the activity offseticate that the cessation of wheel-running
activity related to lights-on was advanced durihg told phase, and delayed at a0t
~27°C. Indeed, the mean offset was slightly advdndering the second cool phase
compared to the first one, but this different tr¢nd.) despite the sameg Wwas similar for
both groups and, therefore, rather linked to thealmer of wheel revolutions per day than
reflecting only a pronounced variation of this paeter. Since wheel running significantly
decreased within ~10 weeks (~30%), i.e. betweenirtiial phase (~22.5°C) with RW
access and the fourth experimental phase with dheesE, a relation between the daily
amount of wheel running and the end of the actipligse ¢) is suggested according to the
previous assumption. However, relatively high antswf activity during the cold phase
(~15°C) coincide with a tendency of a shortenadue to an advanced offset, implicating
an elevated activity level. Furthermore, the reswit the thermoneutral phase (~27°C)
indicate a tendency af decompression with delayed offsets. This expanesfowheel-
running activity beyond the dark phase is per 3§ vatypical (see chapter 3 and 5) but
appeared in several animals during the initial pha$ RW access and during the
thermoneutral phase. From a behavioural point efwit might be explained as follows:
There is no doubt about a strong urge to run ghatast pronounced within the first weeks
of free RW access (see chapter 3 and 5). Accongliliigis conceivable that the presumed
negative masking effect of light on wheel runningswnot strong enough to suppress this
initial marked motivation to run directly after hgs-on. At first view this cannot explain
that hamsters overrode the masking effect alssnduhe thermoneutral phase when the
activity level was lowest, thus indicating a weageito run. However, the explanation is
also based on high motivation. Indeed, wheel rupnnwas reduced due to the warm

environment, but exactly this suppression during ttark phase might have been the
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Effects of ambient temperature

reason for a last activity bout subsequent to thkgeber’'s signal for the end of the
‘running time’. According to this, both cases demstoate the conflict between exercise
suppression by light and the inherent urge to nuawheel.

Together, a simple causal relation between theg d@aiount of wheel-running activity and
the length ofu appears unlikely. Again, it has to be emphasikatl interpretations above
are based more on tendencies and individual betialioesponses than on significant
findings. In any case, the timing of the activitpset definitely showed no change in
response to different,;$ under LD 16:8. It appears that individual changfes due to the
timing of activity cessation represent the rangeinafividual wheel-running behaviour
rather than clock-controlled changes. Indeed, tgbof the activity onset strongly
suggests an activity rhythm consistently entrairmgd the zeitgeber throughout the
experimental phases with LD cycle, particularly do¢he supposed dominant contribution
of the entrained clock to the temporal occurrernicthe activity onset (Daan and Aschoff
1975). However, this fact has to be consideredfalyesince the close phase relationship
might also be a result of negative masking dueigbt.| This light-induced activity
suppression has been previously shown for Syriamstexs Kesocricetus auratydRedlin
and Mrosovsky 1999). On the other hand such a mgsfect of light on wheel running
would not prevent a more delayed activity onsefcasd. Together, the onsets almost
coinciding with the time when lights were switcheff might either reflect a stable
entrainment or the strong urge for a special behavihat is masked by light, or both. In
this context it is worth mentioning that althoughDD almost all hamsters exhibited a
free-running period> 24 h the previous phase angle of entrainment geavino distinct
hint on it, since on average the activity phaseabegore or less immediately after lights-
off. This might, at least partly, be explained Ihe tconsiderable. decompression at the
beginning of DD which is typical for hamsters wébcess to a RW (personal observation;
data not shown), unlike the graduatiecompression under DD in hamsters without wheel.
The striking expansion of the activity phase isgérently linked to a massive phase
advance of the onset up to several hours, as shrowig. 2.1 and Fig. 2.6, and, therefore,
supporting the masking hypothesis.

Subsequent to the alternation of thetfie free-running period) significantly changed in
both groups. That is, despitg dhanges in the opposite directiorronsistently tended to
become longer. Together with the fact that the remab revolutions per day, but not the

period, was significantly different between botlowps after the Jchange, the amount of
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wheel-running activity appeared not to be the deeiparameter for observedlterations.
Together, several facts are not consistent witmtiteon of a negative correlation between
the activity level and the free-running period (Asff 1960, Mrosovsky 1999). Firstly,
only few animals (3 out of 17) showed in DD anialiperiod < 24 h despite pronounced
exercise. This distribution of values is surely not shifted towards shorter pmiio
compared to hamsters without a wheel. Namely, uocolerparable conditions in a different
study 4 out of 15 animals without RW access exéibid shortet than 24 h (data not
shown); and previous studies in which hamsters dvag temporarily access to a RW
provided evidence for a lengthenedue to running rather than for the opposite infleee
(data not shown). In the experiment without RW asamentioned above the exchange of
the cages after 20 days in DD was sufficient terathe period length in some hamsters,
pointing to a pacemaker readily adjustable. Thisild@onfirm the prevailing notion of a
labile pacemaker in Djungarian hamsters (Larkin akt 2004, Ruby et al. 1996,
Steinlechner et al. 2002b).

Secondly, the group that maintained the amountct¥ity not only changed but also
significantly increased the free-running period gtn compared to the second group.
Therefore, merely the lengthened period of theefatyjroup in combination with
significantly reduced activity follows the predmti. Hence, other factors might be
important for the changes afA direct influence of the jin fact appears conceivable only
in view to the more or less rapid change. Suchlanp alteration (within a few hours)
might serve as an environmental signal strong emoogvoke behavioural responses that
in turn may affect the activity rhythm of the anim@oncordantly, visual inspection of the
actograms revealed abruptly readjustedollowing the alteration in Jrather than gradual
changes oft. Due to inconsistency of the results from numersuslies (before), it is
perspicuous that the question arose, whether tbgecficommon parameter, i.e. total daily
activity, is useful for the investigation of thdatonship between the ‘level of excitement’
and the pace of the endogenous clock. AccordirtisoKoteja et al. (2003) distinguished
between total revolutions per day, running speed, tane spent running. The influences
of those parameters anwhere compared between a control line of laboyabtmuse mice
and a second one that had been selectively breaighrwheel-running activity (Swallow
et al. 1998). Mice of the latter line were shownrtm approximately twice as many
revolutions per day and have a shortecompared to controls. Although females ran

significantly more than males there was no diffeeem t. Within individuals, running
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speed had generally little effect onand the correlation between time spent on locomot
activity andt depended on sex. Those and further inconsistenttseof the study point to
the importance of distinguishing between among- avithin-individual effects of
locomotor activity ont, and emphasised the complexity not reducible singple causal
relationship between the level of activity and fhee-running period, which is strongly
supported by the present study.
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The annual activity pattern is stabilised by whegining activity

ABSTRACT

Djungarian hamstersPfiodopus sungorisexhibit a pronounced winter acclimatisation
with changes in body mass, gonads, fur and thermogmapacity induced by decreasing
day length. To find out to what extent activity thws reflect photoperiod-driven
seasonality, animals with and without access tanming wheel were exposed to natural
lighting conditions (~52° N) and natural ambienhpeeratures for one year. Registration of
locomotion in hamsters with a running wheel reveade clear activity pattern closely
related to dusk and dawn throughout the year. tiirast, animals without running wheel
access showed a less stable phase relation bethveeaativity and the day-night cycle in
autumn and winter. During this time the activityagh either exceeded the dark phase from
dusk until dawn or even became undetectable. Ttaage in the activity pattern correlated
with increased locomotion not only during daytime blso per day, especially in autumn.
A higher amount of locomotor activity occurred alachamsters with a wheel, probably
reflecting foraging due to increased food hoardoejore winter, which is known for
several palaearctic hamster species. In a furtkperement the phase-reference points
lights-off and lights-on within artificial light-d& cycles were compared to sunset and
sunrise in an intermediate ratio of light and darid in long days. With respect to the
defined phase-reference points of the zeitgebephiase relation between activity and the
light-dark cycle was similar in natural and corr@sging artificial lighting conditions, but

dependent on the light-dark ratio, as expected.
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Annual activity pattern

INTRODUCTION

The solar day-night cycle provides the most regabtternal time cue (zeitgeber) for both
daily and seasonal organisation of organisms. Ealhe@nimals that have to cope with
challenging environmental changes rely on the sigriavarying day length. Due to
predictability this photoperiodic information allsvearly enough preparation for seasonal
demands, e.g. caused by severe cold and shortag@odfin winter. In the strongly
seasonal Djungarian hamstBhpdopus sungorjyisvinter acclimatisation already begins in
late summer (Steinlechner et al. 1983), wherebydawient temperatures {jlonly have a
modulating effect on the occurrence of the winteits (Heldmaier and Steinlechner
1981b, Larkin et al. 2001, Ruf et al. 1993). Theedse physiological and morphological
changes such as reduction in body mass, gonadalksegn, fur colouration and displaying
torpor are driven primarily by decreasing day lén@arter and Goldman 1983, Hoffmann
1973). In European hamstelSricetus cricetuy in contrast, photoperiodic information is
only needed for synchronising their endogenousanmaal rhythm (Canguilhem 1989,
Masson-Pévet et al. 1994). Thus, decreasing dathdas not a requirement for gonadal
regression and the change in body weight but fair fhrecise timing. Synchronisation with
the rotating earth is controlled by two phases aisgivity to changes in photoperiod.
From mid-November to early April European hamstespond to long days (Monecke and
Wollnik 2004), and around the summer solstice teysensitive to short days (Saboureau
et al. 1999). The latter annual phase has beenrshovcoincide with a high level of
activity and an early activity onset (Monecke analWk 2005). The resulting clear
activity rhythm contrasts with the remaining annaetivity pattern that is characterised by
weak rhythmicity of locomotion in the European h&ns(Wollnik et al. 1991). For
Djungarian hamsters, lacking an endogenous circdrasis for their seasonality, a daily
activity/rest cycle can be expected that is closellated to the essential entraining
photoperiod, perhaps only except for the phase lodtqrefractoriness. During this
refractory period in winter the animals ‘ignoreetshort-day signal and reversion into the
summer phenotype is induced. This temporary indéggaece from the photoperiod might
be observable in the activity pattern. Besideshas been shown that the sleep-wake
behaviour in Djungarian hamsters is different inrslidlays compared to long days. Light-

dark differences are smaller in all vigilance satmder short-day conditions at g df
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~15°C (Deboer et al. 2000). Therefore, the autlmanscluded that sleep regulation is
uncoupled from the circadian clock in winter-aca@imed hamsters. Thus, in order to see
whether on the one hand the activity pattern ustlert day lengths reflects peculiarities in
the behaviour and on the other hand a clear daythm linked to the natural photoperiod
during the remaining annual phases is displayethstexrs with and without access to a
running wheel were monitored over one year. Inrth&r experiment we tried to determine
whether sunset and sunrise might serve as compagpabke-reference points to lights-off

and lights-on in artificial light-dark (LD) cycldsr this species.

MATERIALSAND METHODS

Animals and housing

Animal husbandry and all experiments were in acaocd with the German Animal
Welfare Act. Hamsters were born and raised outdaorder a natural photoperiod
(52° 21’ N latitude) with natural ambient temperati The cages were positioned under a
transparent plastic roof but were also exposednfdtered daylight. After weaning the
animals were housed separately with food (hamseding diet, Altromin 7014) and tap
water available ad libitum, weekly supplementedlslice of apple. From the beginning of
the experiment hamsters were kept in cages (Makydige Ill, high) equipped with a
wooden nest box and a running wheel (14 cm inn@mdter). A magnet attached to the
wheels and a reed contact above them enabledreggistof revolutions. General activity
was monitored with the help of passive infrared) (tRetectors (Conrad Electronic SE,
Germany) mounted centrically on the cage lid. Sgmeere conveyed continuously to a
personal computer and stored every 6 minutgsvas measured at intervals of one hour
with temperature loggers (iButton, Maxim Integratecducts, Inc., Sunnyvale, CA) of
different range and resolution for either indodsS{921H: 15-46°C, 0.125) or outdoors
(DS1921L: -20-85°C, 0.5). Time of day is given an@al European Time (CET).

Data processing and analysis

Consecutive signals of a motion detector were oatystered if more than three seconds
had elapsed since the preceding signal. This peofodefractoriness was applied to
compensate for differences in signal output of Hds®rs. Due to high sensibility the
motion detectors produced a low level of noise Whi@s eliminated for later analyses by

raising the base line for general activity fromoQ.0 signals per interval.
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Activity onsets and offsets were determined by cangon of raw (running wheels) or
slightly processed data (IR detectors; moving ayeraf 1 h) (curve A) and an activity
threshold resulting from the same raw data sepbatessed with a moving average of 24
hours (curve B; lowered by 50% for wheel runnirg)the time from three hours before
sunset until three hours after sunrise the firgrsection of both curves followed by A > B
was accepted as activity onset, and the last sdeon followed by A < B was assessed as
offset. Determination was done with self-writterfta@are charting actograms with the
calculated activity onsets and offsets. Thus, plality of the results could be directly
checked on inspection. Only few results had todyeected manually with the help of eye-
fitting. Although data resolution corresponded temih intervals mean phase-angle
differences ) between activity onsets and lights-off/sunsewai asy between offsets
and lights-on/sunrise were given in minutes foregaaterpretation by the reader.

Activity registration, period analysis (chi-squaperiodogram; Sokolove and Bushell,
1978) and plotting actograms were based on mod#tgtivare originally programmed by
Thomas Ruf.

Procedures

Experiment | The experiment comprised of three parts. In trs¢ part (1) 8 Djungarian
hamsters (6-7 months old; 4 females, 4 males) \gmen access to running wheels near
the winter solstice (2003). One female hamsterdeaaithe wheel and was replaced after
nine days. Another female animal had to be remdrad the experiment after 167 days,
and one male hamster died after 284 days. In tt@nslepart (2) young male hamsters (5-8
weeks old;n = 4) gained access to a running wheel before uharger solstice (2004) for
comparison of age-effects. For the third part @ing male hamsters (7 weeks aid; 4)
obtained access to a running wheel again at thensunsolstice (2005), and 4 male
siblings were kept under the same conditions exioefthe running wheel access.
Experiment Il Two groups of male hamsters were either kept uh®e16:8 (L: ~300 Ix,

D: <2Ix;n=4, 8.5-11 months old) or LD 12:12 (L: ~300 Ix; 0.1 Ix;n=8, 11-16
months old). After registration of wheel runningden the artificial light-dark cycle (LE)
with a rectangular light signal the animals wer@ased to natural lighting conditions
(LDnay of similar photoperiods (from sunrise until sunssmpared to LB, respectively;
i.e. hamsters were either transferred from,LD6:8 (lights on 0500-2100 h;B5 + 1°C)

to LDnat 16.8:7.2 (daytime 0400-2047 hy Tange 15.5-28°C) on 19 June or from kD
12:12 (lights on 0600-1800 h;; P1 £+ 2°C) to LR;11.9:12.1 (daytime 0615-1809 h; T
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range 2.5-17.5°C) on 27 Septembeyranges given for natural conditions (see abowe) ar
related to analysed days. For determining actigitgets and offsets ten consecutive days
from LD, and LDy (15 days for LR, 16.8:7.2) were used, respectively. The first week

after transfer to natural conditions was excludedfthe analysis.

RESULTS

Experiment LAIl animals with access to a running wheel exletia clear annual activity
pattern with wheel running almost completely restd to the night (Figs. 2.1A; 2.2A,
2.3A). Under short days the activity phasgWas more fragmented and small amounts of
wheel running occurred during the daytime. In tveonéle hamsters the distribution of
nocturnal wheel-running activity was slightly difémt compared to the remaining
individuals. Under short-day conditions both ansnahowed an unsteady pattern (Fig.
3.1A) instead of a bimodal pattern with the maitivéty proportion in the first half of the
night and a second peak at the end. This is cleds$grvable in Fig. 3.7B. Analysis of the
phase relation between the activity onset and sussealed that wheel running in male
hamsters began earlier throughout the year comparéeimales (33 £ 2 min; Fig. 3.1B,
C). However, the seasonal changaygfwas similar for both groups exhibiting the eatlies
onsets during summer and the latest onsets in mwvite respect to sunset, and a gradual
transition in-between (Fig. 3.1B, C). This gradcdiadnge ofyo,in the course of the year is
also evident in the results in the other two pdRgs. 3.2B; 3.4), even though less
pronounced in those of part 2 (Fig. 3.2B). Theelai$ attributable to one activity record
(Fig. 3.2A, right) as well as the distinctly deldymean offsets during autumn and winter
(Fig. 3.2B) compared to parts 1 and 2 (Figs. 3.CB,3.4, upper graph). In general,
variability in mean onsets is considerably lowempared to mean offsets. In this regard
comparison of actograms and mean offsets sugdestsnt some cases the upper (later)
limit of the range might be more meaningful thae tnean value. In fact late wheel-
running activity bouts at the expected endoncdeem to be representative although they
were often lacking. If this is taken into accouesults of part 1 indicate that the end of
nocturnal wheel running tracked the beginning @il dwilight (Fig. 3.1B, C), which is
confirmed by the findings of part 2 and 3 at Idasthe summer (Figs. 3.2B; 3.4A).
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Figure 3.1. Actograms (A) of two individuals oveneoyear beginning at the winter solstice.
Sunrise and sunset are indicated by lines. Wheeling onsets and offsets (mean and range of 11
days) from male (B) and female (C) animais=(3-4, each).
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Figure 3.2. Actograms (A) of two individuals oveneoyear beginning at the summer solstice.
Sunrise and sunset are indicated by lines. Whewlimg onsets and offsets (mean and range of 11
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Figure 3.4. Activity onsets and offsets (mean aambe of 11 days) of hamsters with access to a
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Figure 3.5. Activity during the photophase (monthigan + SEM) of hamsters with and without
access to a running wheal € 4, each group). General activity is representgdP signals
(squares) and the amount of wheel running is gasswheel revolutions (circles).

In the third part of experiment I, mean activitysets in summer were more related to
sunset compared to the situation in winter wheretsngrere locked on the end of civil
twilight (dusk). This seasonal changeygf, in wheel-running activity (mentioned above) is
almost congruent with the findings for generalatti(IR signals) of the same individuals.
However, the mean onsets were partly very slightlyanced (8 + 1 min) compared to the
onsets of wheel running (Fig. 3.4, upper graphslilldutumn and during spring the mean
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offsets of wheel-running activity tracked the bewgny of civil twilight (dawn), whereas
offsets of general activity, in comparison, werdagled throughout the year (42 + 3 min)
and related to sunrise until late winter followey @ slight phase advance. Concerning
wheel running the offsets were slightly advancedenrshort photoperiods until spring,
which, in connection with delayed onsets, led torsmed activity phases relative to sunset
and sunrise. Comparison between the annual paitegeneral activity and wheel running,
which was part of general activity, showed thatning-independent activity was mainly

displayed at the end of (Figs. 3.4A, B; 3.7, see arrows).

Without wheel \/\\\/\m

IR signals or rev. (x 10% per day

DIJIFIMIAIMIJIJIAISIOINIDIJIFIMIAIMIJIJIAISIOINIDIJIFIMIAIMIJI

Month

Figure 3.6. Mean daily wheel-running activity asvrdata (grey line) or as moving average (50
values) of male (bold black line) and female (dbtiee) hamsters. General activity (IR signals) of
hamsters without a wheel is also shown as raw @&y line) and as moving average (thin black
line). The ambient temperature is given as dailximam (grey) and minimum (black) value.
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Figure 3.7. Activity pattern (mean of 7 days arotinel given photoperiod) of hamsters without a
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lines. General activity independent of wheel rugnia indicated by a considerable difference
between both activity levels (arrows). SS = sumsadstice, WS = winter solstice.
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Activity data of hamsters without access to a ragnivheel provided reliable onsets and
offsets only under long days due to two individutdat showed very weak rhythmicity
during autumn and winter (Fig. 3.3C). In summer apdng of the following year the
animals began their nocturnalmean onset) between sunset and the end of wiNidit,

i.e. during dusk. The mean offset locked on sunnseummer and was markedly phase-
delayed during the following spring. Analysis otiaity during daytime revealed marked
differences between hamsters with and without actes running wheel (Fig. 3.5). The
proportion of activity in the daytime was consid#yaincreased throughout the year in
animals without a wheel with the highest valuesaitumn and winter. For absolute
amounts of activity a similar annual course wasntbuBoth groups exhibited most
daytime activity in autumn and winter, but from Saspber until the end of the experiment
hamsters without a wheel were more active durirgy photophase than animals with
access to a wheel. The daily amount of wheel rénois (rev./d) continuously decreased
from December until April in both males and fematdspart 1 (Fig. 3.6). This course
applies to the findings of both other parts (2 &8has well, albeit with a lower amplitude.
In the latter parts the highest numbers of revédedound in September and October. The
annual course of the amount of activity in hamstatsout wheel was similar compared to
exercising animals except for the slight secondease beginning in February.

Experiment 1l After transfer from L to LD, the number of wheel turns under long-day
conditions (13,792 +1,478 vs. 20,343+1,173 tevih=4) was not significantly
increased. Under short-day conditions locomotioso alemained unchanged after the
transfer (18,681 + 3,104 vs. 16,863 + 2,450 ren/Ad8).

Phase-angle differences of activity onsets)(and offsets\(os), respectively, were similar
when comparing LB and LDy under long-day conditionsy§, —10.8 £6.3 vs.
—8.5 + 8.3 minjyox 36.3 £ 7.3 vs. 39.9 £ 4.3 min) as well as underistiay conditions
(Yon —37.7£3.9 vs. —38.6 £ 4.3 minjs 99.2 + 11.7 vs. 86.9 + 10.4 min; Fig. 3.8).
Comparison of long-day and short-day conditioneaéed that in the latter case activity

onsets were delayed and offsets were advariRed)(01; Mann-Whitney rank sum test).
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DISCUSSION

Seasonal changes in phase and duration of dailyitgchave been shown for various
species (Aschoff 1969, Daan and Aschoff 1975, Hai.e1999, Saboureau et al. 1979). In
their extensive work Daan and Aschoff (1975) painteit general characteristics of the
annual activity pattern consistent for birds anthbwocturnal as well as diurnal mammals.
As expected, there is a strong correlation betvasivity time @) and day length, either
positive in day-active animals or negative in nightive species (see also Fig. 3.9).
However, animals follow changes of the photopermdy to a certain extent. Thus,
compression and extension @fare limited, which was impressingly demonstratadeu
extreme photoperiodic conditions at the Arctic @rcSeasonal changes 9f, and o
displayed a converse pattern which provided a éurdrgument for the postulated two-
oscillator model (Daan and Aschoff 1975, Pittenkrajnd Daan 1976) that is still under
discussion (Daan et al. 2001, 2005).
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Figure 3.9. Activity time ¢) as a function of day length for hamsters withesscto a running
wheel fi = 4). Mean values of 11 days, respectively, arevshior one year, i.e. from the summer
solstice (SS) until the winter solstice (WS) witcdeasing photoperiod and vice versa.
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The present findings in Djungarian hamsté&kddopus sungorjisvith access to a running
wheel are well in accordance with the previous ltesef wheel-running activity in night-
active rodents Nlesocricetus auratysGlaucomys volansDaan and Aschoff 1975)
monitored at a temperate latitude (~48° N). Retatvsunset the locomotor activity began
earlier during summer compared to winter, whereaaparable seasonal changes in the
phase relationship between the end of activity andrise were not found. As a
consequence the negative correlation between thatioln of daily activity and the
corresponding day lengths revealed a slope slightigrent from —1 (Fig. 3.9), confirming
the results in Syrian hamsters and flying squirmlsth species were also monitored at the
Arctic Circle (~66° N) with extreme seasonal changephotoperiod, revealing the typical
S-curve of activity time as a function of day ldmgalso shown for day-active tree shrews
(Tupaia belangeji and various birds (Aschoff 1969, Daan and Aschtd#f75). The
flattened slope at the ends of this S-curve redlélse decreased entrainment capacity of
extremely long and short photoperiods. Unlike thgutts from the temperate latitude not
only yon but alsoyes in Syrian hamsters and flying squirrels showsanpunced seasonal
change at the higher latitude with a mirrored cewwmsmpared to the onset, i.e. similarly
contributing to the S-curve. Similar findings woudd likely for Djungarian hamsters but
have to be proven at extreme latitudes.

Generally, the onset of activity was timed to dugken the rate of the change in light
intensity is highest, thus providing a reliablensigwhose strength is only marginally
influenced by cloudiness. Due to the latter, togethith the fact that no other properties of
the entraining oscillator are involved such asrtdt® of day and night or the amplitude of
light intensity, Daan and Aschoff (1975) supposediract effect by light on the activity
rhythm (masking; for review, see Mrosovsky 199%ea than resetting of the endogenous
clock. This effect, for instance, is missing in fmwing European ground squirrels
(Spermophilus citellyswhich ‘renounce’ civil twilight information. Instad, they generate
their own pattern of exposure to light (Hut et 899). However, ground squirrels make
use of a circannual ‘programme’ unlike the Djungarhamster which is known for its
photoperiodism. Therefore, it is likely in the cageourrow-dwelling Djungarian hamsters
that this major light signal plays a crucial rod activity-suppressing influence (negative
masking) that is more effective for wheel runnihgrt for general activity would explain
the more stable annual activity pattern in hamsiéts access to a running wheel. The
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almost complete lack of wheel-running activity fraguanrise until sunset in this study
strongly suggests a light-induced masking effeabwelver, comparison of the wheel
running onset with the corresponding onset of gdreativity, shown in Fig. 3.4, revealed
that the latter was only marginally advanced. Tapproximate temporal congruency
probably reflects a dominant contribution of théraimed clock to the temporal occurrence
of the activity onset (Daan and Aschoff 1975), aonéd by mean onsets with a similar
phase relation in hamsters without a wheel. Theasdn is different for the end of activity
which is also shown in Fig. 3.4. In running whealnsters the mean offset of wheel
running was always advanced compared to the enldeaf general activity. Thus, wheel
running might have been suppressed by light befeelock-influenced end of, which is
supported by a similayo during summer of hamsters without running wheekss.

The general tendency of increased activity duriagtidhe in autumn and winter was
especially prominent in animals without a wheel barad with an activity rhythm less
clear than during summer and spring. On the basihe two-oscillator model for the
endogenous clock, comprising a morning (M) and exge(E) oscillator (Pittendrigh and
Daan 1976, Daan et al. 2001, Steinlechner et #2&2)) a decreased coupling due to a
reduced zeitgeber strength in short days is imétgnaespecially in this species
(Steinlechner et al. 2002b). For instance, redwagxbility to reentrain was shown with a
phase delay of the LD cycle causing free-runningwan arrythmicity (Ruby et al. 1996).
Likewise, short light pulses induced arrhythmiayactivity, body temperature and pineal
melatonin secretion despite the enduring LD cyeleich argues for a labile pacemaker in
Djungarian hamsters (Steinlechner et al. 2002b}his regard, it should be mentioned
that in the two-oscillator system light might irfexe with both the mutual interaction of
the M/E oscillators and their coupling with dawrgkurespectively.

In general, there is no doubt about the potenfialleeel-running activity to influence the
circadian system (reviewed in Mrosovsky 1996). Bresponsiveness, however, obviously
was not perturbed in the present study since théewtraits occurred also in hamsters with
weak (or even absent) behavioural rhythmicity (@rtindicating an entrained clock still
driving the essential pineal melatonin secretioar{Bess and Goldman 1988, Carter and
Goldman 1983, Darrow and Goldman 1985). This kihthcongruity of the overt rhythm
and the underlying oscillation relates to findingsat indicate a sleep-wake cycle
uncoupled from the clock under short-day conditi{idsboer and Tobler 1996, Deboer et
al. 2000, Palchykova et al. 2003). Hence, togethign the fact that the tendency of
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activity shifted into daytime in short days wasoabpparent in hamsters with a wheel,
albeit much less pronounced compared to animalsowita wheel, in the current study a
masking effect is suggested. Even so, whether wineeing caused a more stable activity
pattern, due to negative masking by light or a liee#f to the pacemaker or a combination
of the two, remains unclear.

The activity maximum in September and October migiflect foraging due to increased
food hoarding which is described for several palaegahamster species for the time of
August until November, correlated with increasetivay during daytime (Flint 1966). A
general tendency of considerably decreased whewling after one year argues for a
reduced attractiveness of the wheel and/or an dfgcteon extensive exercise.
Consistently, hamsters without running wheel aceggsn increased their activity during
spring shown in Fig. 3.6. Translating these results natural incidents, however, has to
occur carefully as little is known about the natlr@haviour and light perception of this
burrow-dwelling species.

Due to simplicity and thus reproducibility most eximents in rhythm research are still
carried out under artificial LD cycles with rectagy transitions. The appropriate capacity
of dawn and dusk to entrain daily rhythms has betansively discussed (Aschoff 1960,
Daan and Aschoff 1975), and increased entrainmespiepties of twilight compared to
abrupt light transitions have been shown (BouloaleR002, Boulos and Macchi 2005),
supporting its crucial role in environmental syratisation. One problem still remains in
comparing natural LD cycles (or their simulatiomydaartificial rectangular LD cycles,
namely, to ensure equivalent durations of the layid dark phase, respectively (Boulos et
al. 1996). Therefore, in a further experiment wstedd whether the arbitrarily selected
phase-reference points, sunset and sunrise, ceinwith lights-off and lights-on in a
comparable LD cycle. For the selected conditiondom@d no differences between,and
Voit, respectively, when compared for ,Dand LDy, neither under long-day conditions
nor under the intermediate ratio of light and dads) supporting the use of sunset and
sunrise as phase markers. However, significancthefpresent results is limited to the
given light intensity since this factor was shownrifluence the phase relation between a
zeitgeber and the entrained rhythm. A more extenapproach with several different LD
ratios in combination with varying light intenssgi@nd a constant;would be helpful in

answering this question.
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ABSTRACT

Wheel running was previously shown to influence yoaodass and torpor in short day-
acclimatized Djungarian hamster®hdopus sungoriyis To determine whether the
exercise-induced effect on body mass depends oantingal phase, hamsters were exposed
to the natural change in photoperiod and given ssc¢e a running wheel (RW) either
before, in the middle of, or at the end of the desiing body mass trajectory during
seasonal acclimatization. Due to wheel runningseiesonal weight cycle was prevented or
aborted by abruptly rising body mass, resulting iweight appropriate for summer despite
exposure to short days. Torpor was inhibited asticidar recrudescence was advanced
compared to controls. In contrast, the changewitder fur remained unaltered. Analysis
of body composition and plasma leptin revealedvabody fat mass in RW hamsters not
only in winter but also in summer, suggesting & latseasonal adiposity. Chronic leptin
infusion in winter only decreased body mass in RWiiduals although their relative
body fat mass probably was even lower than in gadghamsters. A constantly low body
fat mass is conceivably reflecting an exercise-ddpet change in metabolism, consistent
with increased bone mineral content and densitR\W hamsters. Additionally, bone area
was increased, again supported by elongated valteblumns. Together, the results show
a striking effect of wheel running on body compasitand the seasonal pattern of body
mass and they suggest that the photoperiodic regulaf body mass is regulated

differently than the reproductive and pelage respsn
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INTRODUCTION

Voluntary wheel-running activity still baffles saigsts although the first revolving drum
for rodents was applied more than one century &ewart 1898). For a long time this
monotonous locomotion was related to natural belavike exploratory migration (for
review, see Mather 1981) and, indeed, at first vielaeel running can be imagined to
substitute covering distances in search of food arade. By others, in contrast, this
activity is considered self-reinforcing and an fadi of captive environments or of the
running wheel itself without any equivalent in th&ural behavior pattern (for review, see
Sherwin 1998b). Nevertheless, registration of wireaehing is still a standard tool for
determination of activity rhythms in chronobiolodw.this regard it seems to be necessary
to know potential side-effects of this special kmfdrunning behavior. In Syrian hamsters
(Mesocricetus auratyscontrary to intuitive expectation, extensivedowtion leads to a
massive increase in body weight after several wealts access to an activity disc or a
running wheel (Borer 1974, Gattermann et al. 200dight gain, however, is not a result
of increased fat storage (Borer and Kooi 1975) ttuexcessively heightened appetite
because body composition remains unaltered (Gadtamnet al. 2004). Instead, running
stimulates growth which was shown first by increbbedy lengths (Borer 1974) and later
strongly supported by bone measurements on ragibgréBorer and Kuhns 1977) as well
as elevated growth hormone levels in exercisingviddals (Borer and Kelch 1978).
According to this running-induced impact the higherdy weight was shown to be
defended after a temporary food restriction (Boaed Kooi 1975). Also in Syrian
hamsters photoperiod-dependent gonadal atrophgdisced (Gibbs and Petterborg 1986)
and hibernation is inhibited (Menet et al. 2003)edio running. However, neural
integration of photoperiodic time measurement isprevented (Menet et al. 2005). That
is, although information about changing day lengihisconveyed to the responsible
neuronal structures the development of the corredipg phenotype is modulated. In this
respect seasonal acclimatization in the Djungahamster Phodopus sungorusalso
known as Siberian hamster) provides an appropratenal model to study the
physiological and morphological consequences ohinmexercise. The adaptation to the
strongly seasonal habitat impressively appears vthenanimals turn into their winter
state. They change the fur color, reduce their bowss, exhibit gonadal regression
leading to reproductive quiescence, and finallypldig torpor (Figala et al. 1973,

Hoffmann 1973). Due to refractoriness to the elvedianocturnal release of melatonin by
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the pineal gland short-day acclimatization revergseslate winter (Hoffmann 1973,
Steinlechner et al. 1983) or after at least 20 weelartificial short days (SD) (Hoffmann
1978, Tups et al. 2006).

An early study about influences of exercise on bagyght inPhodopus sungorusvhere
SD was mimicked by melatonin injections, did note& effects comparable to those
shown previously in Syrian hamsters (Bartness amad&\985). In contrast, Freeman and
Goldman (Freeman and Goldman 1997) demonstratddathaboratory-selected line of
photoperiod nonresponsive hamsteRs 6ungorup will exhibit winter-type responses
following SD exposure only when they are given fageess to a running wheel. The first
evidence of exercise-induced perturbations of sedsacclimatization in the Djungarian
hamster was provided by Thomas et al. (1993) stpuhiat castrated male individuals
increase their body weight under SD conditions whemn access to a running wheel.
Furthermore, the animals rarely displayed torpoerghs the change of the pelage color
was not altered. These striking findings, howewaparently went unnoticed so that
despite the remarkable potential of wheel runniagperturb a program evolved for
survival in a harsh climate only little is knownaafh the effects and even less about the
underlying mechanisms. More recent studies on éngesspecies suggested a role for the
intergeniculate leaflet of the thalamus (IGL) ire tmechanism by which wheel-running
activity can modulate photoperiodic responsiver{fesseman et al. 2004a, 2006). The aim
of the present study was to characterize how runremercise alters the seasonal
acclimatization of physiological and morphologitedits triggered by natural changes of
photoperiod and ambient temperature. Therefore ste&siwere given access to running
wheels at different stages of the seasonal cyclee®whether the effect of exercise on
body weight and other seasonal traits depends enptiase of the annual rhythm.
Physiological and morphological changes were studieanalyzing gonadal development,
responses to chronic leptin infusion, and body amsitn in view of the seasonal change
in adiposity associated with the body weight cyolénis species.
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MATERIALSAND METHODS

Animals and housing

Animal husbandry and all experiments were in acaocd with the German Animal
Welfare Act (ref.: 05/1061). Hamsters were born eaided outdoors, thus exposed to the
natural changes in photoperiod (52° N latitude) antbient temperature. After weaning
they were housed singly with food (hamster breediig, Altromin 7014) and tap water
available ad libitum, supplemented by a slice gdflepnce a week. Hamsters with access
to a running wheel (14 cm inner diameter) (RW) wénsferred into larger cages
(Makrolon, type IllI, high), whereas control animégdentary) remained in standard cages
(Makrolon, type 1l). In the running wheel cages @oden nest box was available
throughout the experiment. Sedentary hamstersikegtndard cages were also provided
with a wooden nest box (experiment 1) or soft pdigsues for nest-building (experiment
2 and 3). Body mass data were used for calculaibrgroup means only if all
measurements were taken within two consecutive.days

Procedures

Experiment 1 Near the winter solstice 4 female and 4 male Bguian hamsters (6-7
months old) were moved to RW cages. One female tearasoided the wheel and was
replaced after 9 days. Another female animal haskteemoved from the experiment after
167 days. Other 4 female and 2 male hamsters (6xnths old) remained in type Il cages
without a running wheel.

Experiment 2 Before the summer solstice 4 male hamsters (5e&kw old) were
transferred to RW cages, whereas 8 male individi@ga&weeks old) were kept in standard
cages without a wheel. The fur color index (foriniébn see below) was determined once
at the end of December and at the beginning ofalgnu

Experiment 3 About 3 weeks after fall equinox, during trarmiti into the winter
phenotype, 8 male hamsters (5-7 months old) weresterred into cages equipped with a
running wheel. The control group also consiste8@ afale hamsters (5-7 months old) kept
in small cages without a wheel. One RW individuigddseveral weeks before the end of
the experiment reducing sample size for fat extvadbn = 7.

Fur color index

Molting from a grayish brown fur in summer to a tehiwinter fur was determined
according to the six stages defined by Figala .ef1873). The final stage was established

in December.
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Torpor

Events of daily torpor were determined by visuapection and handling when animals
were weighed. Since torpor bouts usually begirhi morning and may last for about 8
hours, weighing was timed (usually 1:00 pm; rang®Q-3:00 pm CET) to minimize the
possibility of overlooked events. Determinationrétatively easy due to lowered body
temperature and breathing rate, typical posturesedd eyes despite disturbance, and
sluggishness of torpid hamsters.

Implantation and leptin treatment

Recombinant mouse leptin (R&D Systems Ltd., Germavgs dissolved in 15 mM HCI
and adjusted to pH ~5.2 with 7.5 mM NaOH for adsteiing 15 pg per day per animal
via osmotic mini-pumps (Alzet, model 1007D). Gelaticapsules of a similar size filled
and coated with silicone served as dummies for streaiment. In mid-December mini-
pumps and capsules were implanted subcutaneousig iscapular region under isoflurane
anesthesia. They were replaced after 7 days. Thesnimals implanted with mini-pumps
received leptin for about 14 days. During this peérall individuals were weighed every
day. Mini-pumps and dummies were removed after aéaveeks.

Blood samples

Blood samples were obtained under isoflurane aessthby retroorbital sinus puncture
with heparinized micro-hematocrit tubes just beforglantation of the osmotic mini-
pumps and dummies. After centrifugation plasma wsi@sed at —20°C for later leptin
analysis.

Leptin assay

Bound leptin in plasma was measured by a spe@atimimmunoassay which was directed
to human leptin. For details see Lewandowski e(2099) and Horn et al. (1996). The
antibody is directed towards a region of leptin athis highly conserved between species
(Brabant et al. 2004, Nave et al. 2003). Previdudiss had confirmed that the antibody
provides serum dilution curves with parallelism ttee standard curve suggesting the
equivalence of leptin determinations in the hamatet thus confirming the suitability of
the approach.

Testis palpation

According to Hoffmann (1973) four different testizes were distinguished: Stage 0 (not
palpable), stage 1 (small), stage 2 (medium sstayje 3 (large). The initial palpation was

carried out In the mi eo ecemper when the first mini-pumps an ummies
ied out in the middle of D ber (145" when the fi ini dd i
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were implanted. From the beginning of Januaf)) (6nwards the testes were palpated
weekly under slight isoflurane anesthesia.

Dual-energy X-ray absorptiometry

In February body composition was analyzed undefiuissme anesthesia with DEXA
(PIXImus2 scanner, software version 1.46.007, GHib# Systems, Madison, Wisconsin,
USA). The head of the animals was excluded fromnisasurement. Bone mass is not
included in DEXA-provided values for total body ma$ead excluded) and lean mass.
Food was removed from the cages about 4-5 hourmédétie procedure. Lengths of the
femora and the vertebral columns between head el pvere measured on radiographs
of the animals’ dorsal side. The bodies were sprdvend the limbs were abducted. To
measure the femora a box was drawn and adjusteithetobones with the software
CorelDRAW 12. The length of the box correspondetheostraight line between both ends
of the femur, thus comparable to measurements edlipers. Values were averaged for
each animal. For measurements of the vertebralnodua plug-in (plotcalc) for
CorelDRAW was used providing the length of drawrves.

Fat extraction

In June body composition was determined by fataekion. About 3-6 hours prior to
analysis food was removed from the cages. Undegp dedlurane anesthesia the heart of
the animals was excised. Subsequently, heart atestevere weighed and the bladder was
emptied. Body weight of the almost exsanguinousasses was determined again (basic
value) before storing at20°C for later extraction. For this the carcassesewninced and
freeze-dried to a constant weight. After fat exitatwith petroleum ether for 6 hours in a
Soxhlet apparatus the solvent was removed andatheds weighed. In a second step the
dried material was heated together with hydrochbladid. Remaining fat in the filtrate was
analyzed as described above.

Statistical analysis

The effect of wheel-running activity on body massagll as the effect of leptin treatment
on body weight were evaluated using repeated measmalysis of variance (ANOVA),
with group (RW vs. control or leptin vs. no leptemd time elapsed (e.g. day of treatment)
as factors. When interaction terms (group x dayyewsgnificant the Tukey test for
multiple comparison was applied. For comparisontved unpaired samples the Mann-
Whitney rank sum test was used. Paired samples eeenpared with the Wilcoxon signed

rank test. Analysis of Covariance (ANCOVA) was usgdompare linear regressions. The
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guality of relation between data is shown by catieh coefficients (Pearson). Differences
were considered significant whéh< 0.05. Data are given as mean = SEM. Statistical

procedures were made using Statistica 6 (StatBoft Tulsa, Oklahoma).

RESULTS

Experiment 1In late summer all hamsters started to resportealecreasing day length
by reducing their body mass. Around the winter tstdswhen body weight reached the
nadir one group (RW) gained access to running vgh@dlereupon the body mass abruptly
increased and reached a high summer level withoutah weeks, i.e. at the beginning of
February. Conversely, the control animals stithireed their low short-day body weight for
a further 6-7 weeks before exhibiting the spontasegradual rise which is generally
completed in summer (Fig. 4.1A).

Experiment 2Running wheels were available for one group afngphamsters from June
onwards. In the course of the following year theesgary group, i.e. without wheel,
showed the normal annual cycle in body mass (FigB}¥ The group with access to a
running wheel failed to reduce the body mass. &wst¢he individuals generally gained
weight continuously until the following summer. Taavas no significant difference in the
final stage of changed fur color between exercigmgdian 4; range 3-4) and sedentary
hamsters (4; 3-5).

Experiment 3 Access to a running wheel during the transitiato ithe winter state
inhibited a further decline in body mass (Fig. 4.1@stead of a continued reduction of
body mass expected for the normal photoperiodipaese of Djungarian hamsters, the
individuals with wheels rapidly regained body massching a significant mass elevation
within 12 days (RM ANOVAF = 28.1;P < 0.001; Tukey). The sedentary hamsters, until
May, had completed their normal seasonal rise gyboass, but did not attain the mean
mass of the RW hamsters. Body mass data from gt lexperiment as well as the last
seven measurements with reduced sample size iR\thagroup were excluded from the

statistical analysis above.
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Figure 4.1. Effect of wheel running on the seastwdly weight cycleA: One groupif = 8/°7) had
free access to running wheels from Decembé&r Tfe control groupn(= 6/°5) was kept without
wheels B: Running wheels were available for one group @) from June 18whereas the second
group f = 8) had no access to whedls.From October 12 one groupf = 8/°7) had access to
running wheels. Control animal® & 8) were housed permanently without a wheel. Data
means + SEM.
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Figure 4.2. Difference in body mass (left) and plasleptin concentration (right) between
exercising (RW) and sedentary hamstars g8, each) in December. Values are means + SEM.

Leptin concentration

At the beginning of the leptin treatment, one wéekore the winter solstice, body mass
was significantly higher in the RW hamsters comgare control animals unlike the
plasma leptin concentration (6.9 + 0.8 vs. 5.6 & y/ml; P = 0.13; Mann-Whitney rank
sum test; Fig. 4.2).

Leptin treatment

Prior to leptin treatment sedentary hamsters wetbear nadir in body mass. They were
significantly lighter than the RW group (28.7 + 4. 42.8 £ 1.6 gn = 8; P < 0.001;
Mann-Whitney rank sum test). Only hamsters witheasdo a running wheel responded to
subcutaneous leptin infusion with a reduction irdyaveight (RM ANOVA; F = 3.3;

P < 0.001; Tukey; Fig. 4.3).

Body composition

Body composition was determined in February withXdEwhen the body mass of the
sedentary hamsters was already about 6-7 g highexlation to the nadir in December,
these animals having regained about half of theghteseparating the distinctive winter
phenotype from the summer hamster. Body mass, henwesas still significantly different
between the RW and sedentary group (46.4 + 1.8%2 + 1.6 gn = 8; P < 0.001; RM
ANOVA, see above). Despite this difference in badgss DEXA (head and bone tissue
excluded) revealed no significant difference in fafss between RW and sedentary
hamsters® = 0.065; Table 4.1) as opposed to the lean magshwims increased in the
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RW group (Table 4.1). Bone mineral content (BMG)né mineral density (BMD), and
bone area were increased in hamsters with access manning wheel (Table 4.2).
Furthermore, on radiographs of RW hamsters theebeat columns between head and
pelvis were significantly longer (7.69%; < 0.05; Mann-Whitney rank sum test) unlike the

femora P = 0.38) when compared to controls.
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Figure 4.3. Effect of leptin treatment on body vietiDecember) in hamsters with and without
access to a running wheael#£ 4/group). RM ANOVA revealed weight-reducing effe of leptin
only in exercising hamster® & 0.001). Significant differences on marked (*ysl&Tukey test).
Values are means + SEM.
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Figure 4.4. Relation between fat or lean mass aay Imass in exercising and sedentary hamsters
from February (left) and June. In DEXA-derived masdues (February) head and bones are
excluded (see Materials and Methods). Linear resgyas were highly significant (ANOVAR <
0.01) except for fat mass in the RW group in bo#breary P = 0.5) and JuneP(= 0.4).
Comparison (ANCOVA) of regression lines for lean ssigaccording to graphs) revealed a
significant difference between both experimentalgs in JuneR = 5.4;P < 0.05).

In June body weights of the RW group £ 7) were still higher in comparison to the
controls (0= 8) (50.6 £ 1.6 vs. 43.4 £ 1.6 B;< 0.05; Mann-Whitney rank sum test). This
difference also applied to the heart weight (27Bltvs. 234 + 10 mg? < 0.05), whereas
relative heart weights (0.55 £ 0.01 vs. 0.54 + @DMere similar in both groups. Fat
extraction revealed significantly increased fat snesssedentary hamsters since February.
No further increased fat content was found in tNé iRdividuals (Table 4.1). Data of the
two methods were compared directly since DEXA Hligoredicts body fat content in
small rodent species (Brommage 2003, Johnston.e2(fl5, Nagy and Clair 2000).
Although it was shown that DEXA slightly overestites total body fat (+1.1 + 0.13 g) in
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Phodopus sungoruglohnston et al. 2005, in agreement with our owpublished data)
the present DEXA-derived fat values were not tramséd due to potential confounding
effects of season, age and sex of the hamsteredVer, data transformation according to
the published equation does not change any of tbsepted statistical comparisons. Dry
body mass was similar in both groups (RW vs. confi®.3 £ 0.3 vs. 19.3 £ 0.7 g). Fat-
free dry mass was elevated in RW individuals comgbato controls (10.8 £ 0.4 vs.
9.6 £ 0.3 gP < 0.05; Mann-Whitney rank sum test).

Table 4.1Body composition of exercising (RW) and sedentamdters

Lean mass (g) Fat mass (g)
Control RwW Control RW

February 25.6+1.0 33.9+1% 5.8+0.5 75+0.6

June 31.9+10 39.5+ 1% 9.7+08 85+05

Values are means + SEM;= 8 ('n = 7); ¥ head excluded from DEXA
measurement, therefore lean mass was not testdatiffenences between
measurements? significant difference compared to control group;
bsignificant difference between measuremelts;0.01.

Table 4.2Bone parameters from DEXA measurement in February

Area (cni) BMC (g) BMD (g/cnd)
RW 10.28 £ 0.44 0.635 £ 0.031 0.062 £ 0.001
Controi 8.72+0.21* 0.470 £0.013** 0.054 + 0.001**

Values are means + SEM; BMC = bone mineral contBMP = bone
mineral densityn = 8; *P < 0.01, **P < 0.001.

Fur color
There was no difference between the groups cormgthie final color stage of winter fur.
Until the end of December sedentary and RW hamstmited on average to stage 4

(median) with a range of 3-5, respectively.
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Torpor

Shallow daily torpor was observed in all sedentarynals. The torpor period ranged from
mid-December to the end of January. During the week leptin treatment with daily
weight determination this winter trait was displdyat least once (median 3; range 1-6
events), respectively. In contrast, none of the @up showed torpor.

Gonadal development

In mid-December gonadal regression in all animads wrogressed so far that testes were
no longer palpable (stage 0). With respect to shasting point and the defined end point
(stage 3) testicular recrudescence began and niakdd earlier in hamsters with access to
a running wheel compared to control animals withauvheel § = 8; P < 0.05; Mann-
Whitney rank sum test; Fig. 4.5). In June, whenybodmposition was analyzed for the
second time, both RW and control group showed ampidired testis weights (875 + 78 vs.
829 + 26 mg).

24 A %

16

—e—RW

0 —O— Control

January I February I

Testis size (sum of stages 0-3)

Figure 4.5. Difference in testicular developmene¢kly determination) between individuals with
and without access to a running wheel< 8). In mid-December all hamsters showed stage 0
(testes not palpable)P*< 0.05, **P < 0.01.
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DISCUSSION

Short-day acclimatization allows Djungarian hansstersurvive in a strongly challenging
habitat. Winter traits such as reduction in bodyghtand daily torpor contribute to saving
energy in a cold environment where food availapikt low (Heldmaier and Steinlechner
1981a, b). Inhibition of both controlled hypotheanand reduction of body weight due to
wheel running, as shown in the present study, waadlisadvantageous under natural
conditions. Therefore, one has to assume thatphénomenon is a laboratory artifact
linked to the attractiveness of a running wheelwigeer, whether merely the activity level
of a natural behavior is considerably increasedher wheel-running behavior itself is
artificial remains open. Nevertheless, it might dehelpful tool for investigating the
regulation of torpor as well as the seasonal boelight cycle.

In the current study depending on the onset ofinghwheel availability the typical weight
change induced by short photoperiod was preventabarted by abruptly increasing body
mass (Fig. 4.1). Determination of the body compmsitin February, when the RW
individuals were on average about 11 g heavier thansedentary controls (Fig. 4.1C),
revealed that the elevation of body mass was celatan increase in lean mass (Fig. 4.4A,
B). Fat mass in RW hamsters was not significaniiyhér than in sedentary animals
(Table 4.1). Accordingly, the ratio of fat and baugss in the RW group indicates a leaner
state compared to controls, because six out oft aeiglues lie below the extrapolated
regression line for sedentary hamsters (Fig. 4.ZA)s difference in fatness is even more
obvious in body composition data from June showioth higher fat values in sedentary
hamsters and a lower proportion of lean mass @#4f, D). Exercising individuals almost
maintained their adipose tissue mass constant sielsriary whilst sedentary hamsters, as
expected, significantly increased fat mass fromt@vito summer (Table 4.1). This reduced
fat content in exercising hamsters was also supgobly leptin analysis in December.
Plasma leptin concentrations of the RW group wertesignificantly increased compared
to the much lighter (~14 g) controls at their boagight trough (Fig. 4.2). Since the
amount of leptin in blood is positively correlatadth body fat in Djungarian hamsters
(Klingenspor et al. 2000) one can assume that #hemfass was comparable in both
experimental groups despite the significant diffiees in body mass, i.e. a lower fat
proportion in RW hamsters. Taken together, hamstetls access to a running wheel
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neither showed the annual cycle in body weighttherpronounced seasonal fluctuation in
fat mass, instead body mass is increased but withedsed fatness compared to sedentary
animals.

In Djungarian hamsters body weight is preciselyulagd during the annual cycle being
continuously adjusted to the seasonally appropmeeght (Morgan and Mercer 2001,
Steinlechner et al. 1983). Thus, at first view ei@-induced elevated body weight during
winter could simply reflect the typical summer IevRW animals, however, differed
clearly in plasma leptin from equiponderate sumimamsters which show considerably
higher concentrations (Freeman et al. 2004b) dw@ehigh fat content (Wade and Bartness
1984). This indirect evidence for a summer-inadéguat content in RW animals,
underlined by later direct measurements, is conpt@athe hypothesis of a running-induced
body mass in winter that reflects the summer stast.mass of exercising individuals,
however, was more variable relative to body welgdth in February and June (Fig. 4.4A,
C). This lack of a definite correlation betweendat body mass indicates a varying effect
of wheel running presumably due to a different magnquantity and/or evoked by
individually unequal physiological responses.

Constantly low body fat of exercising hamsters dosimply be a result of increased
energy expenditure due to extensive locomotion.sbent with this interpretation the
chemical carcass analysis showed a significantijpdr proportion of body water in RW
hamsters in June maybe due to increased glycogeagstin liver and muscles. Moreover,
BMD and BMC were significantly increased in RW haens in February, probably
reflecting a physiological/anatomical adaptation ttee physical strain. However, a
parameter for endurance performance, the relatea&thweight, was not elevated in
exercising animals compared to controls at theadride experiment.

Controversial to the present results and our smfitalings under LD 16:8 (unpublished),
in a former studyPhodopus sungorushowed no significant body weight increase when
given access to a running wheel (~32 cm diameBantess and Wade 1985). This lack of
any weight-inducing effect is possibly linked teetlower amount of activity. After two
weeks, revolutions per day (rev./d) declined andaieed below 6,000 approximating a
distance covered of less than 6 km. The presemistigation revealed about 50% higher
mean values at least during the first three moaottaccess to a running wheel (experiment
1: ~30,000 rev./d, experiment 2: ~20,000 rev./damef the first 8 weeks, respectively;
experiment 3: ~20,000 rev./d, mean of 2 weeks ibrir@y and March). Simple
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comparison of the covered distances, however, thde tconsidered carefully because of
unequal wheel sizes requiring different postures tanques. Indeed, in Syrian hamsters it
has been demonstrated that growth is only accetktay more than 15,000 rev./d on an
activity disc (Borer and Kaplan 1977) indicatingpmecondition a minimum exercise level
that is considerably higher than general activity.

Since the higher body mass of RW hamsters in tlesemt study was not caused by
fattening, stimulated growth could be a consequerfc&heel running. Measurement of
bones in DEXA radiographs taken in February rewkalgnificantly lengthened vertebral
columns (~7%) in exercising hamsters which is vielaccordance with the results for
Syrian hamsters (Borer and Kuhns 1977). Furthernsigaificantly increased bone area in
the RW group strongly supports the growth hypotheSD-induced decrease in body mass
should be associated with a discontinuation of gnowwhich could well be prevented in
hamsters with access to a running wheel. Suppottiisgnterpretation, RW animals were
still significantly heavier with increased fat-frelry mass when controls reached the
summer plateau.

Annual cycles of adiposity and body mass have lassociated with the adipose-derived
hormone leptin known for its anorectic effect (fewiew, see Ahima and Flier 2000). A
reduced leptin sensitivity in long-day animals camgal to short day-acclimatized
individuals was shown for Djungarian hamsters (Atat al. 2000, Klingenspor et al.
2000) and field volesMiicrotus agrestisKrdl et al. 2006) suggested to be regulated rgainl
by photoperiod (Rousseau et al. 2002). In the otrstudy, however, sedentary SD
hamsters showed no reduction in body mass durptgnléreatment as opposed to the RW
animals with higher initial body weights. In precegl investigations leptin effects were
tested already after 8 weeks of SD when individwadése in the middle of transition.
Absence of a reaction to leptin in this study coblel due to the different state of
acclimatization. Prior to leptin treatment the sedey hamsters had reached the nadir in
body weight, which can be expected to be stronghented. Another explanation for the
lack of leptin sensitivity is provided by resultsncerning the underlying mechanisms. The
suppressor of cytokine signaling 3 (SOCS3) has kBbewn to play a critical role in leptin
sensitivity in mice (Howard et al. 2004), field esl (Krél et al. 2007) and Djungarian
hamsters (43). This protein inhibits signal trarcdaun distal of the leptin receptor, and an
increase of arcuate nucleus SOCS3 gene expressagnsthown to precede the long

photoperiod-induced increase of body weight in [Qaman hamsters by approximately 3

57



Chapter 4

weeks (Tups et al. 2006). Hence, in the presemtyssedentary SD hamsters failed to
respond to leptin administration possibly due toateady raised SOCS3 level causing
leptin resistance. Whether the leptin response \vi Ramsters was related to the latter
pathway, e.g. a low SOCS3 level, or merely to areased potential for weight loss
simply due to the higher body mass, or both, remapeculative.

For Syrian hamsters exercise-induced increasedy b@ight has been reported as well as
effects on testis development. Although testiculegression is incomplete in Syrian
hamsters with access to a running wheel (GibbsPatbrborg 1986) neural integration of
the shortened photoperiod is not prevented (Mehetl.e2005). Lack of perception of
changing day length in exercising individuals canexcluded foPhodopus sungoruas
well because of the present findings of completeagal regression and the change to
winter fur. Since the course of testes involutias mot been observed it is not known
whether the SD-induced testicular development a wimole was shifted forwards or
compressed. In any case, the recrudescence waacadvan Djungarian hamsters with
access to a running wheel, indicating either araaded termination of the winter state, i.e.
refractoriness, or a testes-stimulating effect gileng when suppressing signals become
weaker or disappear. In the latter case the testisession should be decelerated in
exercising hamsters. In this regard, it cannot Wledr out that a different pattern of
entrainment and thus an altered photoresponsivesessponsible for some of the effects
in RW hamsters, as has been found in selectivedd lghotoperiodic nonresponsive
hamsters that exhibited adjustments to SD only wgiean access to a RW (Freeman and
Goldman 1997). A pre-pineal influence of wheel rimgron the entrainment would explain
the lack of weight-increasing effects in the studyBartness and Wade (1985) where SD
was mimicked by melatonin injections. More recemdiihgs indicate that the thalamic IGL
is involved in the photoperiodic responsiveness #ral activity feedback mechanism
(Freeman et al. 2004a, 2006).

Another typical SD trait, daily torpor, was not ebged in RW individuals, confirming the
results of Thomas et al. (Thomas et al. 1993). @hsence of torpor, however, was
probably not due to an elevated leptin level whigs previously discussed to prevent
hypothermia (Freeman et al. 2004b). Firstly, thees no obvious difference in torpor
frequency between the leptin treated sedentarypgamal the untreated sedentary animals,
thus corresponding to the results of Schmidt e(Sthmidt et al. 1997), and secondly, in

December, the plasma leptin concentration in therasing hamsters with high body
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weights was only slightly increased (n. s.) com@dcesedentary animals. In this regard in
Phodopus sungorua negative correlation was found between the iddai number of
torpor episodes and the general intensity of noefuocomotor activity (Ruf et al. 1991,
1993). High torpor frequency was assumed to fatdita constant low activity level,
probably reflecting reduced foraging, which in conabion yields an effective energy
saving strategy. In contrast, wheel running pogsshifts the hamsters to the other end of
the behavioral range characterized by a very loaiofrequency and a higher general
activity level. Furthermore, physiological paramsteelated to hypothermia such as
metabolism and body temperature which are influérmewheel-running activity may be
responsible for inhibition of torpor.

In conclusion, wheel running strongly affected tiypical seasonal acclimatization of
Djungarian hamsters. As a consequence testes esueice was advanced and the
reduction in body mass as well as daily torpor wehébited. Elevation in body mass was
due to significant increases in lean mass, andiaheontent was reduced compared to
sedentary hamsters. This alteration of body contiposivas accompanied by considerably
increased mineral content and density in bone®atflg the diversity of physiological

responses due to wheel-running activity.
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Acute and lasting effects of wheel running on bothss and torpor

ABSTRACT

Djungarian hamster$fodopus sungorlisvere exposed to artificial short days (SD) either
with access to a running wheel (RW) or without. Wit six weeks RW hamsters had
increased their body mass by about 5 g, whereasntag controls showed the typical
body mass reduction. Estimation of paired testisggiate indicated a decelerated testis
regression in RW hamsters. Subsequent locking ot RWihe weeks) led to a decline in
body mass of RW animals in parallel to controlsilyp&éorpor was almost completely
missing in hamsters with initially unlocked whedairing the final phase RWs were again
unlocked (three weeks) and body mass of exercibamgsters increased again, while
controls reached the nadir in body mass. Body caitipa was affected insofar as the
relative heart weight was significantly lower in R&imals compared to SD controls. In
comparison to equiponderate long day (LD) conttbks relative liver weight of RW
hamsters was significantly increased unlike thatnet heart weight. However, the latter
tended to be higher than in sedentary LD hamsfegrowth-stimulating effect of wheel
running was proven by elongated femora in exergistd hamsters compared to SD
controls and, furthermore, suggested also by exiiaduced elevation of relative food
intake and body mass under LD conditions, indicatirgrowth-promoting effect of wheel
running independent from the photoperiod. Inhilitad SD-mediated body mass reduction
due to running exercise and the potential to losdylmass in artificial SD when wheel
running is prevented was confirmed under natugditing conditions with natural ambient

temperature.
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INTRODUCTION

Wheel-running activity was previously shown (chap#®) to affect the seasonal
acclimatisation in Djungarian hamstehpdopus sungorliisMost strikingly, the typical
short day-mediated body mass reduction was eittgited or discontinued depending on
seasonal phase when hamsters were initially alldvesdaccess to a running wheel (RW).
In fact, when hamsters obtained RW access duriagrnsition from a heavy summer
hamster to the considerably lighter winter phenefydy mass showed a steep rise due to
wheel running, indicating the strong impact of monced exercise on the hamster’s
physiology. Not only was the annual cycle of bodgss affected but also that of testis
size, underlying seasonal reproduction. In conttastthe body mass reduction the
concomitant testis regression was obviously novemweed, which was proven by non-
palpable testes in RW hamsters in winter. Testicucrudescence usually occurs
spontaneously after prolonged SD exposure wheratimeals have become refractory to
the ‘inhibitory’ photoperiod (Hoffmann 1973, Steachner et al. 1983). This was also the
case in RW hamsters but re-growth of the testesagtaanced when compared to controls
having no access to a wheel.

In contrast to the findings for the body mass cyae testicular development, a further
winter trait, the change in fur colouration, seemedbe unaffected by wheel running,
confirming earlier results (Thomas et al. 1993)isTé¢onclusion, however, is merely based
on the final colour stage reached in winter (chagte and the overall impression in
artificial SD (data not shown; Thomas et al. 1993¢nce, by means of existing data it
cannot be ruled out that the temporal course ofcttenge to white winter fur is in fact
altered due to wheel running, although the finatesis not distinguishable from the level
of colouration in controls. Therefore, one aimlwg present study was to clarify this point.
For comparison of the colour change progression, different kinds of determination
were chosen. Since in the previous study only #séidular recrudescence was checked,
here the initial change of the testis cycle, nantle/testis involution, was the focal point
in order to complete the overall picture. Furthemahe sustainability of the wheel
running-induced increase of body mass was veriiig@gimply locking the wheels after a
preceding period of free RW access. Moreover, ityasons were extended to LD

conditions eliminating the aspect of seasonalitl}.irh all, the study was carried out to
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further characterise the complex phenomenon of imeming affecting physiology and
morphology in Djungarian hamsters. This may prouite basis for new insights into the

regulation of body weight in general and as a seadaait.

MATERIALSAND METHODS

Male Djungarian hamsterPKiodopus sungorlisvere bred and raised outdoors under
natural lighting conditions (~52° N latitude) wittatural ambient temperatures,XTAfter
weaning, the animals were kept singly in polycadiercages (Makrolon type Il) with tap
water and food (hamster breeding diet, Altromin4)0dvailable ad libitum, supplemented
weekly by a slice of apple.

Experiment 1.0n August 3 20 hamsters (7-11 weeks old) were transferred @nto
temperature-controlled chamber (21 + 1°C) withgatlidark cycle of 16 h of light and 8 h
of darkness (lights on from 5:00 h to 21:00 h; CEJl'aintain the animals’ physiological
and morphological summer state. Seven weeks la¢elighting conditions were changed
from long-day (LD) to short-day (SD) conditionggfits on from 8:00 h to 16:00 h), while
Taremained unaltered. With the beginning of exposoir@ short photoperiod one group of
hamsters gained access to a running wheel (RW;cnaldnner diameter) inside their
standard cages. Only in the beginning was the tiseeoRWs checked with the help of
video surveillance. Usually hamsters that starteottc use their wheel will do so again
every day. Both weight-matched groups, i.e. RW hamsf =11, see below) and
sedentary control1(= 8), were weighed twice a week to the nearesy0After six weeks

in artificial SD the RWs were locked for nine weeksl then released again until the end
of the experiment after 18 weeks of SD exposuree @ata of one RW animal were
excluded from all analyses because of an abruptsamdre loss in body weight followed
by only slow recovery, indicating temporary physicmpairment. Testis size was
measured externally with a calliper under sliglbflizane anaesthesia one day before the
change from LD to SD conditions and every otherlknieeSD until precise determination
became impossible due to pulpiness of the testased testis weight (PTW) was
estimated using an equation from Watson-Whitmyreé &tetson (1985). Changes in fur
colouration from greyish-brown to white winter fdue to the shortened photoperiod were

determined by two different methods on the basipiciures taken at two week intervals
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while the hamsters were anaesthetised for testmaten. Pictures of the dorsal side of
outstretched hamsters lying on a white paper (witlblack area) were adjusted for
brightness in Photoshop 6.0. With another softwdneageJ) the grey value of the
hamsters’ back and sides was determined as antiobj@teasure. A large as possible area
was selected using an ellipse not exceeding theasi outline. Besides, a technical
assistant unaware of the experiment determinedutheolour index according to the six
stages defined by Figala et al. (1973).

With the beginning of the torpor season in SD thensters were checked for exhibiting
controlled hypothermia during the photophase (+4-&fter lights on) of 3-6 days
(median 5) within each week. For presentation efrésults, data from each week in SD
were merged. The number of days (per week) witleisagion multiplied with the number
of RW or control individuals adds up to the respectmaximum of torpor events (100%)
that could have been found if all animals had shawpor when checked for it.

After 18 weeks of SD exposure animals (~8 monthsagdé) were culled with carbon
dioxide for organ dissection. Organs were weighedthie nearest 1 mg (RC 210D,
Sartorius Inc., Goettingen, Germany). The lengthhef hamsters’ excised left femur was
determined with a calliper. The same procedurecaased out with an additional ten male
hamsters (~10.5 months old) representing LD comaohsters that had regained weight up
to the summer level after their previous SD acdisaéion. For that the young animals
were transferred (at the summer solstice) fromrahtighting conditions and natural, 1o
comparable artificial LD conditions (16.8 h light.2 h darkness; 6 weeks) and constant T
(20 = 1°C) followed by SD exposure (28 weeks). #¢ £nd of the expanded SD exposure
all individuals were not only photorefractory (leasf) but had already reached on average
the body weight they had had before SD acclimatisafsee suppl. Fig. S.4 for body
weight record). In order to ensure that the hamastauld serve as control summer
hamsters they were finally exposed to LD conditiagsin for about five weeks before
they were sacrificed (Fig. S.4). The sample sizehle paired kidney weight was reduced
to n= 9 because of a pathologically increased kidney isi one LD control animal.

Food consumption was determined for the three réiffegroups shortly before they were
killed for weighing the organs. The food was dri@ddays; 60°C) and weighed to the
nearest 0.1 g before and after it was fed to thaslers (4-6 days). Body mass values of
each hamster from just before, during and at tlte afrthe food intake experiment were

averaged for calculation of relative food consumpti
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Experiment 2.Body weight of eight hamsters kept outdoors undatural lighting
conditions and natural ;Twas checked for about 20 months including two eounBve
winters. At the summer solstice one of the weiglatahed groups (7 weeks of ages 4,
each) obtained free access to RWSs, whereas thdiings remained without RW access.
After one year the latter condition was inverted.

Individuals of two more experimental groups werenbilmur months later at the end of the
natural breeding season. One gromp:6) gained access to RWs on Octobédt atlabout
six weeks of age. The other group=4-7; age-matched) served as control group without
wheels.

Experiment 3Fifteen male hamsters (11-13 months old) were miare April 11" from
outdoors with natural lighting conditions and natur, into a chamber with artificial LD
conditions (lights on from 6:00 h to 22:00 h; CESiRd constant (22 + 1°C). After 25
days in LD all animals were transferred from staddmges (Makrolon, type II) to special
cages (~24.5 x 15 x 15 cm; volume ~5.51) suitdbleindirect calorimetry and in part
equipped with a RW (inner diameter 14 cm). Furtraema plastic box with a lid and a
removable metallic rack inside was fixed to thegl@ide of the cages for measuring food
intake. Both wheel-running activity and generaliaist (passive infrared (IR) detector;
Conrad Electronic SE, Germany) were registered imootisly and stored every six
minutes on a personal computer. Oxygen)(EGnsumption and production of carbon
dioxide (CQ) were determined (6-min intervals) in an open &ystith the help of an
analyser (Multor 610, Maihak) measuring both gasceatrations of the dried air (flow:
~35 I/h) coming from the animal’s cage (for detaise Dernbach 2002). Due to limited
capacity (six channels) 0and CQ could be measured for five hamsters only (one
reference channel) at a time, i.e. measures weredaut consecutively with three mixed
groups of five individuals for four days, respeetiv Food consumption was determined
continuously throughout the experiment with weighintervals of one day (first 4 weeks),
two days (following 10 weeks) or four days (lasv8&eks). The racks were weighed before
and after filling with food pellets, and remainiogimbs were collected from the cages and
weighed for calculating the food intake per dayotder not to falsify measures of @nd
CO,, cages were not opened for collection of remainimgdfuntil the end of the 4-day
records. From the outset the entire food requirexs Wept in the temperature- and
humidity-controlled chamber in order to have pslletith comparable water content

throughout the experiment. Values are given as raadrSEM if not stated otherwise.
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RESULTS

Experiment 1The body weight course of both experimental gsowgs similar until they
were transferred from LD to SD. In addition to ttteange in photoperiod one group was
provided with RWs and increased body mass by 4.8+ within the six weeks of free
RW access in SD (Fig. 5.1), whilst sedentary cdstm@sponded to the ‘inhibitory’
photoperiod with a reduction of body mass (—3.6kd) as expected. Divergence of
weight development was significant already afterdays in SD (RM ANOVA;F = 15.8;

P < 0.001; Tukey), and this difference in body messained significant until the end of
the experiment. During the nine weeks of blockedsRWeek 7-15 of SD exposure) not
only body mass of sedentary controls continuoustgrelased but also that of RW
individuals (Fig. 5.1; suppl. Fig. S.3). Loss ofdyanass in control animals was 3.0 £ 0.5 g
(9.0 £ 1.6%) compared to 6.0 +1.3 g (13.8 + 3.086RW hamsters within the blockage
phase. This difference was not significant (seeo adsippl. Fig. S.3), indicating a
comparable rate of weight loss in the RW group.
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Figure 5.1. Mean body mass (SEM) of hamsters wittess to running wheel® £ 11; RW
temporarily blocked) after transfer from long day®) to short days (SD), and of sedentary
controls ( = 8) without access to a wheel. NP = natural pheriod.
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Figure 5.2. Body mass (and SEM) of RW hamstersdisgiayed torpor at the end of the phase of
locked wheelsr(= 3) in comparison to the course of body mass mstars where no torpor event
was observedn(= 8). The dotted line shows the course in body e controls = 8) that
invariably displayed torpor. The group of RW hanmstthat showed torpor was lighter than the
remaining RW animals at the end of the decline ésterisk;P < 0.05; Mann-Whitney rank sum
test) but not different from the controls. Only tast time point prior to the release of running
wheels was considered for comparison of body weight

However, if the RW hamsters that displayed torpoirdgy the phase of locked wheels were
compared to those in which torpor had never beeservied, the former group was
significantly lighter at the end of the body massliohe, and not significantly heavier than
the sedentary controls (Fig. 5.2). The change mlybmass of RW hamsters that showed
shallow torpor was —10.1 £ 2.3 g (-24.1 £ 3.9%)~v4 + 1.4 g (-9.9 £ 3.0%) in animals
in which no torpor event was observed during tleelkdge phase. Until their nadir in body
weight the sedentary controls lost 7.8 + 1.2 g&203.0%) of their body mass with respect
to the highest mean value prior to the SD-inducedide. Within the second period of
access to unlocked wheels (3 weeks; Fig. 5.1) thte rof gaining body mass
(0.297 £0.05 g/d) was significantly increased camgd to the first phase
(0.115 + 0.03 g/dP < 0.01; Mann-Whitney rank sum test).
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Figure 5.3. Comparison of torpor occurrence betwemsters with access to a running wheel
(black barsn = 11) and withoutr{= 8). For each week of SD exposure observed tdvpaots are
given as percentage of the calculative maximumnttiergroup, i.e. the number of days per week
when the animals were checked, multiplied withribenber of animals. The number of individuals
contributing to the shown results is given inside Ibars.
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Figure 5.4. Percentage of RW hamsters (black laad)controls with testes that were measurable
with a calliper just before and during SD exposurestes of remaining animals already became
too soft for measurement. The number of individaadd their mean estimated paired testis weight
in mg (x SEM) are given inside the corresponding ba
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Figure 5.5. Change in fur colouration during SD @sye. A: Mean grey value (0 = black;
255 = white; 127.5 = neutral grey) and SEM for herswith = 11) and without accesas € 8)

to a running wheel (temporarily locked). B: Cormesging mean fur colour indices (1 = greyish
brown summer fur; 6 = white winter fur) determir®dusing the same pictures as for A.

The first torpor event was observed in a contramanhon the last day of the ¥2veek of

SD exposure, which was the beginning of observafiog. 5.3). Eight days later torpor
occurred for the first time within the RW group {lwheels locked!). During the torpor
season all control animals showed controlled hygmtie in contrast to only three RW

individuals. The frequency of torpor in controlgreased with the duration of exposure to
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SD and reached a peak in week 16 with seven oatgbt animals displaying controlled
hypothermia. After releasing the locked RWs one Rakhster continued to show torpor.
Video surveillance revealed that this animal didl ingially use the unlocked wheel. After
resuming wheel-running activity, this individuabpped displaying torpor similar to all
other exercising hamsters. Effectively occurredpaorbouts as a percentage of the
calculative maximum are shown in Fig. 5.3. Compmarisf the change in fur colouration
between (temporarily) exercising hamsters and gadenontrols revealed no difference in
the course of turning to a whitish coat colour (Fdg). One day before the beginning of
SD exposure the estimated PTW was similar for lgottups (Fig. 5.4). Subsequently, the
percentage of hamsters with still measurable tedteseased faster in the control group

compared to RW animals in SD.

Table 5.1. Different body parameters and food consion of hamsters kept either under
short days (with or without a wheel) or under lafays (without a wheel).

SD LD

Control RW Control Tukey test

(n=28) (n=11) (n=10) P value
Body mass (g) 29.4+3.4 41.3+5.0 41.6+5.2 < 0.001
Food intake (g/d)  2.92+0.37  4.75+0.78 420+0.54  <0.001
(g/d - g BM) 0.10+0.0? 0.115+ 0.0l 0.103 + 0.02
IBAT (mg) 157 + 45 221 + 74 194 + 70
(%) 0.53+0.10 0.52+£0.13 0.46 £0.13
Liver (mg) 1311 £ 204 2015 £ 219 1560 £ 202 <0.0%
(%) 4.43 +0.38 4.82 +0.35 3.76 +0.45 <0.01
Kidney (mg) 363+ 67 506 + 76 539 + 67 <0.001
(%) 1.23+0.16 1.21+0.14 1.29 +0.14
Heart (mg) 204 + 27 234 + 17 212 + 21 <0.05
(%) 0.69 +0.05 0.56 £0.04 0.51+0.06 <0.001
Paired testis (mQ) 45+ 11 287 £ 145 821 + 86 < 0.001
(%) 0.15+0.02 0.67 £0.30 1.99+0.24 <0.001
Femur (mm) 176 £ 0.4 184 +£0.7 19.2+0.4 <0.0%

Values are means = SD; IBAT = interscapular browipase tissue; % = percentage of
body mass; significant differences are indicated® byompared to other groups) Br
(compared to RW) or only by value (all groups are different from each othén= 9.
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Figure 5.6. Relation between liver or heart wemghd body mass in exercising (RW) and sedentary
hamsters after prolonged SD exposure, or in LD rots(also without wheel). For correlations
with significant Pearson correlation coefficieRt< 0.05) regression lines are depicted (ANOVA,
P<0.01).

After 18 weeks of SD exposure the animals werefgaemt for determining different organ
weights. The same procedure was carried out witadaitional group of LD-acclimatised
individuals of a similar age. Measurements revealasggnificantly increased relative liver
weight in both RW hamsters and controls after Beviéek SD exposure compared to LD
controls (Fig. 5.6), which contrasts to the relatpaired kidney weight which was similar
for all groups (Table 5.1). The relative heart virtigvas significantly elevated in SD

controls compared to both remaining groups (Fi®).5Femur lengths were different
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between all groups with the lowest values for SDtads and the highest values in LD
controls. Unlike the daily food intake per gramnuelyp mass, which was not significantly
different between the three groups, absolute daiypunts were higher in RW hamsters

and LD controls without a significant differenceween both groups (Table 5.1).
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Figure 5.7. Mean body mass (SEM) of hamsters o2€r months. One group was allowed free
access to a running wheel during the first years@idl circlesn = 4), whereas the second group had
RW access only during the last eight months, ifter ahe wheel exchange (open circlaes; 4).
Significant differences in body mass between groaps indicated (RM ANOVA;F = 15.5;

P < 0.001; Tukey).

Experiment 2.Access to a RW prevented the typical seasonal tesu body mass

exhibited by the control group (-31.3 + 6.0%; Fag7). However, the loss in body mass
was not entirely inhibited in RW individual® & 0.01; paired t-test) unlike the results in
chapter 4 (Fig. 4.1B). In hamsters born after tn@rser solstice and without RW access,
SD seemed to decelerate the increase in body mass eompared to the juvenile growth
phase of the earlier born control animals in Jufig. (5.8). Despite the age difference of

both sedentary control groups their course in bedight was almost congruent after the

71



Chapter 5

younger animals had reached the body weight obliher winter-acclimatised hamsters. In
contrast, the younger RW hamsters increased boddg bayond the appropriate weight
within the typical acclimatisation exhibited by setary individuals. A comparison of

body weight changes (first value = reference) betwkoth groups was made instead of
using absolute values in order to account for te@ht difference (2.35 g; n.s.; Fig. 5.8) at

the beginning.
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Figure 5.8. Course of body mass (mean and SEMpmskers with rif = 5) and without running
wheel accessn(= 4-7) that were born late in the breeding sea3@me points with significant
differences in the change of body mass (first bodgss value = 0; see Results) are indicated by
asterisks. Additionally, data of hamsters that wewmn earlier in the year are shown for
comparison.

Furthermore, since both groups were often weighedlitierent days, values were only
considered when determined on two consecutive fiayisoth groups. Comparison of the
weight change revealed significantly elevated walier RW hamsters, indicating an
accelerated increase in body mass (RM ANOYA; 7.6;P < 0.001; Tukey).

In the following summer the four different grougsched a comparable body weight level.
After the wheel exchange between both older graifgbe second summer solstice of the
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experiment the new/current RW group (formerly witheheel) did not show the seasonal
weight decrease again. However, the new/currentraogroup that lost RW access
responded to decreasing day length and significaetiuced body mass (-18.9 + 1.3%;
RM ANOVA; F = 15.5,P < 0.001; Tukey; Fig. 5.7).
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Figure 5.9. Absolute body mass (A) and change®dy linass (B) of hamsters with a whaet(8)
and without running wheel access=7). Significant differences in the change of badgiss
between both groups are indicated by asteriskiard RM ANOVA; F = 10.1;P < 0.001; Tukey).
Values are given as mean and SEM.
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Experiment 3Body weight changes in RW hamsters were diffefeh those of control
animals without RW access (Fig. 5.9). From th& a®ek the increase in body mass of
exercising individuals (+4.6 +1.7 g) was signifitacompared to the controls that
exhibited a body mass not different from the ihvialue (+0.1 £ 0.9 g).

6.0 *

5.54

5.0+

4.5+

Food intake (g)

4.0+

3.5
—— RW
—O— Control

3.0

123456 7 8 91011121314151617
0.13-
0.12-
0.11-
0.10-

0.09 1

Food intake (g/g BM)

0.08 - —&—RW
—O— Control

123456 7 8 9101112131415 16 17
Week

Figure 5.10. Daily food consumption (weekly mead &EM) of hamsters either provided with a
running wheel if = 8) or housed without onen € 7). A: Total daily food intake and significant
differences between groups (RM ANOVA;=5.7; P <0.001; Tukey). B: Relative daily food
consumption with indicated (asterisks) significdifferences (RM ANOVA;F =4.7; P <0.001;
Tukey).
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Daily Food intake also increased significantly withhree weeks in RW hamsters (Fig.
5.10). Unlike the total food consumption relativeéake decreased with increasing body
mass during the experiment to values not signiflgadifferent from those of control
animals (Fig. 5.10). In the course of the experinadso wheel-running activity decreased,
namely from the maximum value of ~25,000 revolusigrer day in the third week to
~10,000 (Fig. 5.11).
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Figure 5.11. Amount (weekly mean) of wheel-runragvity per day (+SEM) and per dark phase
(-SEM) of eight hamsters during prolonged exposoir@tificial long days.

In contrast to the light phase oxygen consumptibRW hamsters in the dark phase was
significantly elevated (~50%) compared to contrelghout wheel (Figs. 5.12; 5.13),
resulting in a higher daily Quptake (Table 5.2). Correspondingly, relative faudke was
increased in RW hamsters. Total daily food conswmpthowever, was not significantly
elevated P = 0.072; Mann-Whitney rank sum test) during theag-dneasurement when
body weights of both groups were similar. The nedpry quotient was not different

between the groups but significantly decreasedénexercising animals during the dark
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phase compared to the light phase. For the 4-dagumement the mean amount of wheel
running was 21,413 + 3,850 revolutions per dark seh&ange 8,135-36,868) which
corresponds to 99.5 £+ 0.2% of the total amountailfydvheel revolutions. Thus, running

exercise was almost completely restricted to thécal night (Figs. 5.11; 5.13).
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Figure 5.12. Oxygen consumption (A) and carbon idexyroduction (B) during the course of the
day (24 h) of hamsters with access to a runningelvire= 8) and without 1f = 7). Values are
means of an averaged 4-day measurement for eatlalariihe dark phase (8 h) is indicated by the
black horizontal bar.

76



Acute and lasting effects

i b bl

Wheel running i 1

™

uilh f u

Ulﬂ_ul oo h.l-l ot L m.L.J

Al b L
i ﬂ IR T lll
i, il AL W lh...llul J h

422¢g 42.2¢
CO; production

Without wheel

General activity | ALLL
. u‘.mﬂ

ol ik b b i Lo bk Lﬂlluu ...nmd.ALIhM.J‘M.ﬂJJ[JJ_JuL

Genera| activity ik dud \L.A.L.MLMUIL.J.H.JJ... U st lu\“[ﬂ.t Licaadl I L.U[MMMM LL_I_IJJJ‘J..

L il AJ.IJ..‘TLHJL{)MI sk ﬂu o] ull]ll odd Wl .Jiallihh_m_j 1 L

i LLidy s, .“1"]“.[ ..k.M.H.J L.J‘lu_ﬂAJ..u lli' k)l JIJ.J..JJ.JA_JJI..IM‘J“M‘Lm

506 g 3764 4509

| sshemiblidolbonass | wsndotibiutoiotuion

CO, production e bbby
it oot

e ik indns
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Table 5.2.Mean oxygen consumption, carbon dioxide productiespiratory quotient and food
intake of a 4-day measurement under long-day cemdit(16 h of light, 8 h of darkness).

RW Control
(n=28) (n=7)
Body mass (g) initial 452 +852 448 + 4.4
final 452 +5.6 446 +4.2
O, consumption absolute (ml/h) light phase 122.282 106.7+7.4
dark phase ~ 187.0+33.8 123.9 +
24 hours 144.0 £ 24.6 112.4+7.4
relative (ml/g - h) light phase 2.73+0.48 2.40.16
dark phase 4.19 +0.92 2.79 £0.17°
24 hours 3.22+0.61 2.53+0.25
CGO, production absolute (ml/h) light phase 95.6#813. 84.0+£7.6
dark phase  142.3+19.8 98.3 +7.3¢
24 hours 111.2 +14.6 88.8+7.2
relative (ml/g - h) light phase 2.03+0.14 1.89.121
dark phase 2.98 +0.168 2.21+0.18°
24 hours 2.35+0.47 2.00 £0.19
RQ (CQ/0y) light phase 0.80 £0.05 0.81 £0.02
dark phase 0.77 £ 0.04 0.81 +0.02
24 hours 0.79 £0.05 0.81+0.02
Food intake absolute (g/d) 472 £0.76 4.02 £0.25
relative (g/d - g 0.104 £ 0.009 0.091 +0.01®

Values are means + SD; for calculation of relathedues the initial and final body mass were

averaged; significant differences compared to tNé¢ &oup are indicated by (P < 0.05) and
(P < 0.01) (Mann-Whitney rank sum test); significarifedences compared to the light phase
within the group are indicated BYP < 0.05) and' (P < 0.01) (Wilcoxon signed rank test).
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DISCUSSION

Experiment 1

Under SD conditions exercising hamsters considgraidreased their body mass. In
contrast, the sedentary controls exhibited the abdacline in consequence of exposure to
a short photoperiod. According to body compositilata and plasma leptin results of the
previous study (chapter 4), one has to assumentitainly the decrease in body mass but
also the exercise-induced increase was accomphygiadeduction in the relative fat mass
(Wade and Bartness 1984, Klingenspor et al. 200@)ertheless, during the period of
locked RWs the RW hamsters’ body mass considerdblyreased, demonstrating the
potential for a body mass reduction despite thesyrably low relative fat mass. This
might be seen as support for the study of Klingenst al. (2000) that revealed a SD-
mediated decrease in body mass almost equally aue reduced fat and lean mass,
contradicting the earlier findings of an unaffecledn body mass (Wade and Bartness
1984). On the other hand, the body mass reduatid®W hamsters (locked wheels) quite
in parallel to that of controls (never with wheef)pressively shows a lasting effect of
wheel running on body mass.

A further winter trait, daily torpor, usually ocauspontaneously only after about 10-12
weeks of SD exposure when the body weight has alreashed the nadir (Bartness et al.
1989, Ruf et al. 1993) which is linked to a markkspletion of fat stores. Within the RW
group (wheels locked) torpor occurred the firsteiabout one week later and overall in
only three individuals compared to sedentary cdstrinat showed torpor without
exception. These results, together with the faat tbrpor has never been observed in a
hamster with access to a RW (see chapter 4), poitite impact of pronounced running
exercise on this winter trait. In this, two diffatanhibiting effects seem to be present. On
the one hand, the running behaviour obviously pre/eorpor acutely. On the other hand,
the present data suggest a lasting effect linketthéancreased body mass, i.e. without a
direct influence of wheel-running activity (wheeigere locked). Accordingly, the three
RW individuals that showed torpor in the preseatgtreached a significantly lower body
weight than the remaining RW animals at the enthefdecline due to locked RWs during
SD exposure. In this regard, it should be mentiathed two RW hamsters that were not
observed being torpid showed a comparable absoleight loss to those in which torpor
occurred. One individual (the heaviest of all) reeli its body mass from 51.0 to 41.0 g.

Despite this considerable loss of 10 g the animaéght remained distinctly higher-than-
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average for a male winter hamster, and the relatight loss (19.6%) was still below the
values of the hamsters that displayed torpor (28.8%), even though only a little. The
second individual reduced body mass from 44.6 t& 85(—-19.7%) and no torpor was
observed in contrast to its sibling in which bodws® decreased from 44.9 to 32.1¢g
(-28.5%). These results are in accordance witthyipethesis that the typical SD-mediated
reduction in body mass is a prerequisite for tloedence of torpor in Djungarian hamsters
(Dark et al. 1999, Freeman et al. 2004b). Withmskarch for the presumable weight loss-
dependent physiological change that is permissvedrpor display, the adipose-derived
hormone leptin (Zhang et al. 1994) was previoustyistdered a potential candidate
(Freeman et al. 2004b) because of its obviousaslan indicator for the body fat level in
mammals. Strong correlations between body fat aptin concentrations in blood were
found in humans and several rodents (for Review, Agima and Flier 2000) including
Phodopus sungoru@lingenspor et al. 2000). The existing resulteagrning a potential
torpor-inhibiting effect of leptin (Freeman et 2004b, Schmidt et al. 1997, chapter 4) are
controversial and have been previously discusséd wiew to RW hamsters in chapter 4.
Apart from leptin, changes in energy metabolismhsas circulating concentrations of
metabolic fuels in exercising hamsters are contégveo be involved in inhibiting torpor,
as already supposed by Thomas et al. (1993). sndbmtext, the concentration of blood
glucose, which comes to mind first, generally se@misto play a key role in inducing
torpor. Namely, glucose concentrations are not tediébefore but during hypothermia,
and administered insulin does not provoke torpartdan LD hamsters (Dark et al. 1999).
On the other hand, torpor is readily induced in hBmsters treated with 2-deory-
glucose that disrupts glycolysis (Dark et al. 199496). The authors concluded that the
different effect is due to the general glucopriaictions of 2-deoxy-glucose affecting
specific neural targets. Hence, the search forpibtential metabolic substrate inducing
torpor is still on.

A causal relation between testis regression andigpay of torpor was shown in castrated
Djungarian hamsters where exogenous testosterom@stlcompletely inhibited the
incidence of controlled hypothermia (Bartness €t.1889, Vitale et al. 1985). In the
present study, however, elevated blood testostezande ruled out as explanation for the
low torpor frequency in RW hamsters. Although thestes were not palpated prior to the
second period of free RW access, it has to be asbuhat testis involution was at least

almost completed. This is strongly suggested by rsults of the previous study
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(chapter 4) where the testes of RW hamsters withtemupted RW access invariably
reached a non-palpable state in winter. Followhegresults of Schlatt et al. (1999) such a
non-palpable state is reached when each testi®tsrag. Thus, in the current study PTW
of more than 200 mg after 15 weeks in SD are verkely but would have been a
prerequisite for serum testosterone consideraldyagtd compared to lowest SD levels
(Schlatt et al. 1995). Determination of final PTWRW animals after the second period of

exercise, as shown in Fig. 5.14, revealed onlyR®Rh¢/ value below 100 mg.
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Figure 5.14. Paired testis weight after prolongBdeRposure (18 weeks) of hamsters with and
without access to a running wheel, and LD contnoleout RW access. For mean values, see

Table 5.1.

With respect to the previous study (see chapteeldjively high PTW reflect an advanced
recrudescence due to wheel running rather thamiplaie testicular atrophy compared to
sedentary controls. In this regard, it should beeddthat one of the three RW individuals
that definitely displayed torpor showed a notablBAPof 456 mg at the end of the

experiment, i.e. four weeks after its last torpout Together with the presumption that the
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testes of RW hamsters also underwent completegsigre the results of palpation during
SD acclimatisation indicate a decelerated coursanadlution. Hence, together with the
previous finding of an advanced recrudescence iarcising hamsters compared to
sedentary controls (chapter 4), the duration oblumed testes appears to be shortened due
to wheel running. If the follicle stimulating horme (FSH) plays a crucial role in the testis
cycle, as proposed by the results of Schlatt €0.8P9), its release from the pituitary gland
might be altered by wheel running, i.e. a decelenadf the blood FSH decrease at the
beginning of SD acclimatisation and an earlier éase in FSH secretion, resulting in
advanced testicular recrudescence.

The unaltered change in fur colouration in RW hamssiprovides further evidence for
involuted testes, because exogenous testosterbnenic implants) was shown to delay
and attenuate the occurrence of this SD trait (2orend Goldman 1984a). Furthermore,
the present results suggest that the seasonal ehangirculating prolactin levels,
underlying the seasonal fur colour changes (Durmat Goldman 1984b), remained
unaffected by running exercise since there wasiffiereince in the colour change between
(temporarily) exercising and sedentary hamsters.

It is possible that torpor events occurred withdwatving been registered, since the
observation was not carried out every day. Howether probability that a RW individual
displayed, e.g., two bouts that were both overldakdess than 10%. In any case, 30 days
of observation out of 43 days (~70%) were consitflesefficient to provide a reliable
sample size for comparison of torpor frequencyrasve in Fig. 5.3.

Not only daily torpor, changes in fur colouraticand gonadal regression, but also the
reduction in body mass contributes to saving enémngwinter when thermogenic costs
massively increase. This striking weight loss (op~#0%) is associated with distinct
changes in body composition. A significantly eledatrelative heart weight in SD-
acclimatised Djungarian hamsters compared to sunhar@ssters was previously shown in
a natural photoperiod with either natural or comstd, (23°C), demonstrating the
photoperiod as a major trigger (Puchalski and Heiém 1986). This finding is not
surprising since SD is the decisive signal for Wheter traits in Phodopus sungorus
including the reduction in body mass which obvigusl not paralleled by a decreasing
heart weight, and thus accounts for the increaselative heart weight. The phenomenon
of a raised relative heart weight in winter hasrbdemonstrated for different small rodents

such asApodemus sylvaticusPitymus duodecimcostatuderez-Suarez et al. 1990),
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Apodemus flavicollisndClethrionomys glareolugKlaus 1988). The latter study revealed
that in both species elevation in relative heartigiveis not due to the change in
photoperiod, but a response to cold. Irrespectifewbether evoked by changes in
photoperiod or T the seasonal change in relative heart weight jgbaflects higher @
demands during winter. The increased cardiac ouygpuigramme tissue in winter can be
accompanied by changes in haematological valuds asithe number of red blood cells
(RBC), their mean corpuscular volume (MCV) or meanpuscular haemoglobin (MCH).
In Djungarian hamsters the haemoglobin concentraifdhe blood is nearly unaffected by
(the) season, but RBC is increased in winter, gliog an enlarged area for gas exchange
(Puchalsky and Heldmaier 1986). The lack of sedomarying haematocrit (Hc) in the
latter study is contradicted by results of the dh@xperiment in chapter 4 (see suppl.
Fig. S.2). There the hamsters exhibited clearlyeased Hc in winter compared to the
following summer, consistent with the higher oxygdemand in the cold. Despite
pronounced exercise RW hamsters displayed a lowetative heart weight compared to
sedentary controls after 18 weeks in SD. This maoordance with the assumption that the
elevated relative heart weight of SD-acclimatiseankters is mainly due to the loss in
body mass without reducing the heart weight. SiR¥¢ animals increased body mass
instead of the typical reduction, the relative heaeight was comparable to those of
equiponderate LD controls. However, compared to lgteer group there was a clear
tendency of higher relative heart weights in RW btars (n.s.; Fig. 5.6), indicating a
slight effect of exercise rather than of photoperim the previous study the mean relative
heart weight of the exercising and sedentary gimowgummer was similar (suppl. Fig. S.5)
which contradicts an effect of wheel running. Hoe\wt is worth mentioning that the free
access to RWs already lasted almost nine monthisjtamas shown that the amount of
wheel running considerably decreases with time.®ifjl; Fig. 3.6). Thus, endurance
performance might have already been too low tocaffee heart weight. Unlike the relative
heart weight the relative liver weight in SD wasnsgar for exercising animals and
sedentary controls in the present study, but edeiabmpared to LD controls. Since the
liver plays a crucial role in energy metabolism fmeling probably reflects an evolved
adaptation to severe cold that demands an increasdbolic rate in winter hamsters
(represented by SD controls) on the one hand, anthe other hand a response (e.g.,
glycogen content) to the pronounced exercise in lRMsters. In this regard, the relative

kidney weight, which was similar for all groups,ghi serve as a kind of reference organ,
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on average strongly correlated with body mass. dlbegated mean femur length of RW
hamsters compared to SD controls provides furthigleace for running-induced growth,
already suggested by the results of the previawdydichapter 4). LD controls exhibited a
similar mean body mass as RW animals but had oragedonger femora, demonstrating
that the stimulation of growth due to temporaryreise in SD did not compensate for the
achievement of the LD state. This directs attentmrthe body composition which was
already shown to be different between both groupseast with respect to the liver.
Moreover, since wheel running decreases the reléivmass (see chapter 4), an increased
lean mass in exercising animals is not only inéidaivhen related to body mass but also
with respect to the skeleton size compared toahsdmmer hamsters with longer femora.
Experiment 2

Inhibition of the typical SD-mediated body weigktuction (~30%) due to wheel running
is in accordance with the results of the previowestigation (see chapter 4). However, a
significant loss in body mass was observable inRNé hamsters of the present study,
indicating that the weight-reducing influence ot tkhortening photoperiod was still
present and in conflict with the growth-stimulatieffects of running exercise. Moreover,
the latter effect did not result in a significantyevated body mass in RW animals
compared to controls after one year, when both ggagached the high summer level,
which was also different to the previous resultiisTmight be explained either by an
increased reduction in fat mass compared to thedRWp of experiment 3 in chapter 4
(Fig. 4.1C) or by a less pronounced growth stimoatSince there were no sedentary
controls exhibiting the normal seasonal cycle ofdypanass twice/a second time,
interpretation of the weight reduction after thecleange of the wheels is difficult. The
considerably decreased response in reducing thg inads compared to the animals that
had no RW access during the first year might eiteélect the (lasting) consequences of
growth-stimulating exercise or simply a damped $Blimatisation in the second year. At
least for the change in fur colouration such a ledeesponse to SD is evident during the
animals’ second winter. Anyway, the potential ofify body mass due to SD after
removal of the wheels supports the findings of expent 1 (locked wheels), indicating
the fact to be negligible whether RWs are lockecearoved.

According to the findings of Hoffmann (1978) thecriease in body mass in sedentary
juvenile hamsters was discontinued in SD, and engresent case it happened when the

body weight of the older, SD-acclimatised contrdods been reached. This fact, together
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with the subsequent congruency of body weight asuref both control groups
impressively demonstrates the ‘sliding set-poimitroduced by Mrosovsky and Fisher
1970) that was previously described for the SD-atedi decline in this species (Mercer et
al. 2001, Steinlechner et al. 1983). It is veryehkthat growth is interrupted when
hamsters respond to an ‘inhibitory’ photoperiodhwtither a considerable reduction in
body mass or a discontinued increase (Fig. 5.8)ctwis associated with a delay in
reproductive aging (Hoffmann 1978, Place et al. 400n common shrewsSprex
araneu$ seasonal changes were not only found for bodghteand dimension (head and
body length; changes in intervertebral discs) Hsib dor organs (even the brain; Pucek
1965) and the skull (braincase depth; ‘Dehnel’snpineenon’) with lowest values during
winter (Dehnel 1949, Pucek 1970), proving even ankhge of bone dimensions.
However, the described seasonal change of body masdsews appeared to be mainly
(> 80%) the result of changes in tissue hydratigr¢ha 1969).

Experiment 3

Body mass of RW hamsters significantly increasee turunning exercise compared to
sedentary controls that maintained an almost con#ael, indicating a growth-inducing
effect of wheel running under LD conditions. Desyhie fact that significance for different
changes in body mass was only reached after 13snde@RW access, the results are rather
convincing because of the hamsters’ age. At thenbeyy of the experiment the animals
were already about one year old, and prior to Rééss (for one group) the body weights
were over 40 g, i.e. roughly the typical maximumagied male Djungarian hamsters, at
least in our breeding colony. Consistently, conanimals did not further increase their
body mass in the course of the experiment. Hermdy lveight elevation in RW hamsters
appeared, although growth, which slows down comaldg after the juvenile phase (in
LD), presumably was completed. In any case, themx@nt revealed a wheel running-
induced effect on body mass that closely resemtilese shown in Syrian hamsters
(Mesocricetus auratyssattermann et al. 2004).

Within the first three days of RW access the meadybmass of exercising hamsters
decreased by 2 ¢P(< 0.05; Wilcoxon signed rank test), probably refileg a negative
energy balance as a result of increased locomottivityg without an appropriate
adjustment of food intake. This tendency of eitaernitially reduced body weight due to
daily exercise or a short-term deceleration of tieemal juvenile body mass increase

(Fig. 5.7) has already been observed in previoysemxents, and was also shown in

85



Chapter 5

Syrian hamsters (Rowland 1983). Rowland assignsddsults to previous reports about
similar findings which were interpreted as evidemhaethe hamsters’ food intake to be
relatively inflexible in responding to weight los§o return to the present results, the
initially reduced body mass of RW hamsters remaiaiethe lowered level for about two
weeks prior to the gradual rise. In this connectlm question arises whether this was due
to a decrease of fat mass, which was previouslysho be one consequence of wheel
running (chapter 4). In any case, the decrease®RRYW hamsters during the dark phase,
when the animals are exercising, indicates a highagortion of metabolised lipids than in
the light phase, i.e. the rest phase. This is imadiccordance with the expected adjustment
of energy metabolism during prolonged exercise.ddethe lack of intraday RQ changes
in control animals seems to reflect a moderateviigtievel in the dark phase that does not
require a change in the ratio of metabolised satestr (Fig. 5.13). Surprisingly, the
absolute daily food intake was not significantlgwgted in RW animals during the 4-day
measures of the metabolic rate. However, relateldotty weight food consumption was
higher in exercising hamsters. Considerable vamatin body weight underlying the mean
value, which was quite similar for both groups, teifnute to the variability of absolute
amounts of daily food intake, and thus, preventeptiél differences being revealed.
Allowing for this problem weight-specific values mecalculated, bearing in mind that
those can only serve as approximations. In theseoaf the entire experiment the relative
food intake considerably decreased in RW hamsigspite the concomitant increase in
body mass it is likely that the decreased relatoa consumption was rather related to
reduced running exercise. For instance, Syrian teamsvere shown to double their total
daily food intake due to wheel running within fowmeeks (Gattermann 2004) which,
however, contrasts to the tendency of earlier teqdowland 1983). This inconsistency,
however, might be explained by short duration & é&xperiments lasting only for about
four weeks. With view to energy expenditure in finesent study, relative daily,@ptake

of RW hamsters was about 27% higher compared tensaq/ controls, whereas daily food
intake per gramme body mass was only elevated butab4%. This discrepancy might
indicate an improved utilisation of ingested nuitgein exercising animals. However, prior
to O, measures the individuals had only one to two wexkisee access to a RW, i.e. a
rather short period for an adjustment of digestion.
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Final conclusions

To summarise, the present results strongly sughpertindings described and discussed in
the previous chapter. There can be no more doutfztecning a growth-promoting effect of
wheel running in SD conditions when compared tces&ty animals. This conclusion is
based on 1) the relative kidney weight being sinfida sedentary controls and larger RW
hamsters 2), the RW hamsters’ decline of body nragsmrallel to the weight course in
sedentary controls during the period of locked W&)e®) the increased rate of regaining
weight after releasing the wheels compared toiteederiod of free RW access, indicating
a ‘predetermined way’ to an elevated set-point, dhdhe elongated femora of RW
hamsters. The latter fact confirms not only thgrgltendency of lengthened femora (~4%;
n.s.) in the previous study with significance ofdy vertebral columns, but becomes more
important with respect to the findings in Syriannisters. There, running-induced
elongation of the vertebral column was more prowedrthan that of femora (Borer et al.
1977). Furthermore, the increase in body mass @rcesing hamsters housed under LD
conditions probably reflects the same influence wdfeel-running activity. Such an
endurance performance undoubtedly increases enexggnditure in hamsters that
additionally gain weight. However, accumulationtiebse additional energy demands was
not associated with an adequate rise in food copsam Indeed, one experiment provided
a significantly increased relative food intake diVFhamsters but the other did not. This
fact remains intriguing and, in this connection wgdo attract notice in further

investigations.
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The present study on wheel-running activity in @anan hamsterdPhodopus sungoriis
revealed some striking findings that substanti&ie notion of wheel running to be a
distinct and special form of behaviour. For ins@nin contrast to the general activity,
running exercise was almost completely restrictedhe dark phase which has already
been shown for the related Syrian hamshMegqocricetus auratysZucker and Stephan
1973). Thus, a masking effect of light on wheelning as previously demonstrated for
Syrian hamsters (Redlin and Mrosovsky 1999) is &ty likely in Djungarian hamsters.
Most strikingly, wheel running affected differeraits of the seasonal acclimatisation.
Shallow daily torpor was completely inhibited in RWamsters and the duration of
involuted testes in short days was abbreviated redsethe fur colour change remained
unaltered. Moreover, the typical annual cycle oflyoaveight was prevented by a growth-
promoting effect of running exercise. Comparablea$ on deep hibernation, the testis
cycle and growth were previously found in Syrianmgers again pointing to the
relatedness between both hamster species desepitedifierent strategy of coping with
harsh winter conditions.

The different sections of the thesis are summariseldw followed by perspectives

resulting from the present findings.

Ambient temperature

Wheel-running activity was suppressed at thermoakambient temperature (~26-27°C)
compared to cooler$ but was not further enhanced at ~15°C compare@2d%°C. This
lack of negative correlation between the numberegblutions and the jlcontradicts the
hypothesis that wheel running is used to maintaihigh body temperature at a low
ambient temperature, i.e. as a support for thergubation (Janik and Mrosovsky 1992). If
this would be the case an elevated activity leeellad have been expected at the lowest T
in the present study. In general, saving energgies more important with decreasing T
Therefore, heat production by the help of brownwauld be advantageous compared to
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wheel running where the spent energy is partiaiyerted into locomotion. In the present
study food was provided ad libitum, thus it presednho limitation to energy uptake.
However, it remains speculative whether abundaat fmterferes with behaviours that
contribute to saving energy at cold temperaturesudlly, Djungarian hamsters respond to
prolonged exposure to SD and/or cold with increabedmogenic capacity of the brown
adipose tissue (Heldmaier et al. 1981, Rafael .e1385a, b) and voluntarily reduce the
food intake under SD (Knopper and Boily 2000, S&shner et al. 1983), reflecting both a
strong influence of cold slas well as an inherent property unaffected by falmghdance.
Indications of comparable effects of highwere also found by personal observations that
suggest a suppression of wheel running at highdhring summer in the study on the
annual activity pattern (chapter 3). However, tlierapt to show a correlation betweepn T
and wheel-running activity was inconclusive. If anfluence of T, existed, which is likely
with respect to the first experiment (chapter 2¢ sdso suppl. Fig. S.1), the strong
individual daily variations in the amount of wheehning together with the annual course

prevented it from being revealed, suggesting agaruthis issue in further experiments.

Annual activity pattern

The more pronounced activity rhythm of RW hamstensng autumn and winter is well in
accordance with previous results that indicatedadilssing effect of wheel running on
rhythm generation of the endogenous clock (Stelmlecet al. 2002b). This implicates that
locomotor activity feeds back to the circadian paaker which is coherent with the
prevailing opinion (Koteja et al. 2003).

The annual course of the amount of activity in h@nsswithout wheel indicates that
general activity is highest around the autumnaliremu coinciding with potential food
hoarding activity for the upcoming meagre timesbsaguently, the nocturnal rodents
showed a gradual decline in locomotion and lowesdivitdy in winter despite the
lengthened dark phase. The following activity ise during the spring might reflect,
among other factors, the end of reproductive geiese. A spontaneous recurrence to high
amounts in wheel-running activity after about 18@slof artificial SD exposure, i.e. at the
time when the reproductive axis becomes refractargs also found in castrated male
Syrian hamsters (Ellis and Turek 1983). The faat the hamsters were castrated indicates
that the assumed relationship between photopeniddeed state and behavioural change

was independent of testosterone. In the presedly sttheel running failed to increase
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again subsequent to the low amounts in winter wigaggests that the influence of
diminished motivation to run in a wheel might hascealed the trend that was found in
hamsters without RW access. This assumption in sugpports the notion of Sherwin
(1998b) that wheel running and general activityravedirectly comparable. Although the
author finally even concluded that wheel running laboratory artefact he did not rule out
an underlying natural behaviour that is enhancedhodified by running exercise. This
latter possibility is strongly supported by thegmet results mainly based on similarities in

the annual course of the activity amount of harssigth and without a wheel.

Effects of running exercise

The present results provide evidence of a growthesating effect that is independent of
the seasonal state of the hamsters. Although ttrease in body mass of RW hamsters
kept under LD 16:8 was not proven to be a resulgrofvth it is very likely and would
confirm previous findings in exercising Syrian haens kept under LD 14:10 (Gattermann
et al. 2004).

First it was surprising not to find a significareation in relative heart weights of RW
hamsters despite the considerable exercise of aeleurs each day. Indeed, there was
only a tendency of increased relative heart weigimi$ only in one of two experiments.
The explanation might be that the level of the eadoe performance was overestimated.
Both the results of food intake and oxygen consionpndicate only a moderate level of
exercise. However, there is no doubt concerningttieity level being higher in hamsters
with access to a running wheel than in sedentamyrabanimals. This was convincingly
reflected by a low fat mass, an increased reldiiex weight and most strikingly by the

growth-stimulating effect.

Perspectives

For investigation of the mechanism by which themstation of growth is triggered,
SOCS3 might be an auspicious candidate. It was showe involved in leptin signalling
within the arcuate nucleus of the hypothalamuscé&ieptin not only plays a role in the
regulation of the seasonal body weight cycle bus aleady associated with growth, it
would be interesting to compare leptin sensitibgtween RW hamsters and sedentary
controls during short-day acclimatisation. If theg day-induced weight reduction in RW

hamsters is prevented despite a low level of SOE&&sitive to leptin) which should lead
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to a reduction in fat and body mass, then the effet SOCS3 are not involved but are
probably in conflict with growth. If, however, tI®OCS3 level is altered in RW hamsters
compared to the controls, the leptin sensitivityichhs triggered by the SOCS3 level has
to be assumed to play a crucial role in the obseplenomenon. Moreover, the regulation
of daily torpor is still unknown. In this regardhet acute inhibiting effect of wheel running
on the incidence of torpor might be helpful insofe&e a model is provided in which

hypotheses can be tested either with or without &&kss. However, concerning torpor
the first question that has to be answered is vendtie acutely inhibiting effect of wheel

running is evoked by an altered behaviour suchhassteep/wake cycle or is due to
physiological changes.
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Figure S.1. Correlation between the daily amouwloéel running and ambient temperaturg &t
0400 h, CEST) in four hamsters kept outdoors undgural lighting conditions. Between the first
day and the remaining nine consecutive days (eddré) one day is lacking due to missing data.
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Figure S.2. Haematocrit values of hamsters wittesg€do a running wheeh £ 7) and without
(n=8) in winter compared to the following summer.efid is no significant difference between
RW hamsters and controls. Values of RW animals werapared with Mann-Whitney rank sum
test instead of Wilcoxon signed rank test (for e#¢pd measures), because only six individuals
were represented in both groups. Values are me&tSW:; * Significant difference compared to
summer P < 0.01).
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Figure S.3. Decrease in body mass of hamstershidttked running wheelshE 11) compared to
control animalsr{= 8) housed without wheels under artificial shag-aonditions. Comparison of
regression lines (Studentgest) revealed no significant difference for resgien coefficients.

44 -

40

Body mass (g)

24

36

324

28

SD

LD

T T T T T T T
12 16 20 24 28 32 36
Weeks

Figure S.4. Body weight course of hamsters: (L0) that were used as long-day (LD) controls for
measures of food intake and organ weights. Foildetilighting conditions see chapter 5. Values

are means + SEM.
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Figure S.5. Relation of heart and body mass inasieg (RW) and sedentary hamsters (14-16
months old). The animals were kept outdoors undéural daylight with natural JJuntil summer
(June); for details, see experiment 3. Linear regjoms are highly significant (ANOVA < 0.01).
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