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ZUSAMMENFASSUNG

Dsungarische ZwerghamstdPhpdopus sungorus) weisen physiologische Anpassungen auf,
um in dem extremen kontinentalen Klima ihres natlidn Lebensraums uberleben zu
kénnen. Besonders im Winter, wenn die Umgebungsteatyr weit unter -40 °C fallen kann
und die Futterverfigbarkeit eingeschrankt ist, sMdchanismen zur Energieeinsparung
Uberlebenswichtig. Ausgelést durch abnehmende Taggsn farben Dsungarische
Zwerghamster in ein gut isolierendes weildliches téffell um, sie zeigen taglichen Torpor
(ein Zustand charakterisiert durch Hypometabolismand Hypothermie), Hodenregression
und eine Kodrpergewichtsabnahme. Vorausgehende eédtudaben jedoch gezeigt, dass
freiwillige Laufaktivitat einige dieser Winter-Anpaungen beeinflusst. Hamster mit Zugang
zu einem Laufrad sind nur selten torpid, sie zeigi@e verzogerte Hodenregression und eine
Kdrpergewichtszunahme.

Erganzend zu den bereits bekannten Einflissen &omwait zeigen, dass Laufradaktivitat eine
erfolgreiche Reproduktion negativ beeinflusst. Wanden eine reduzierte Anzahl an
Trachtigkeiten und vermehrten Infantizid, sowohl freiwillig laufenden Zuchtpaaren als
auch bei einzeln gehaltenen Weibchen. Folglich lig# zusatzliche energetische
Herausforderung der Laufradaktivitat das Gleichgétvzwischen mitterlicher Investition in
die Jungtiere und eigener Versorgung eindeutig lkasten des Fortpflanzungserfolgs
verschoben. Um weitere, durch Laufaktivitat induse/eranderungen zu ermitteln, die dem
Gewichtsanstieg von Winter-angepassten Hamstererliggen konnten, haben wir den
Einfluss von Laufradaktivitat auf die Genexpressimnhypothalamischen Nukleus arcuatus
(ARC) untersucht. Der ARC ist ein Gehirnzentrums da der Regulation des energetischen
Gleichgewichts beteiligt ist. Wir konnten zeigemsd weder die Expression von orexigenen
noch anorexigenen Genen durch Laufaktivitat im Kagaerdndert wurde. Der Melanocortin
Signalweg und sekretorische Prozesse in einem hbrch des ARC (dmpARC) scheinen
jedoch stimuliert zu werden. Zudem haben wir denchMaeis erbracht, dass durch
Laufaktivitat induziertes Wachstum zu dem Anstieag Korpergewicht beitrdgt. Die
Quantifizierung der Genexpression im Schilddrisstesy hingegen zeigte, dass die zentrale
Wahrnehmung der Photoperiode nicht beeinflusst wui@araufhin haben wir in einer
nachfolgenden Studie untersucht, ob durch Laufaétiinduzierte Signale aus der Peripherie
die Mechanismen beeintrachtigen konnten, die désosalen Koérpergewichtsregulation
unterliegen. Folglich haben wir die Phosphoryliggmon Enzymen, die in den Stoffwechsel
der Myozyten involviert sind, im Musculus gastrocneas analysiert. Auf3erdem wurden die
Konzentrationen von Insulin und dem Insulindhnlith@&/achstumsfaktor-1 im Serum
bestimmt. In einer weiteren Studie wurde zum erstdal die zeitliche Abfolge
hypothalamisch exprimierter Gene, von denen angemam wird, dass sie an der
Korpergewichtsregulation beteiligt sind, in Hamstedie ein Jahr lang in natdrlicher
Photoperiode und Umgebungstemperatur gehalten wurdmtersucht. Da sich die
Genexpressionen, wie z.B. von type 2 deiodind3i®2), monocarboxylate transporter 8
(Mct8) und somatotropin release-inhibiting facto&if) vor oder parallel zu dem
Kdrpergewicht &nderten, konnte bestatigt werdess dde an der Regulation des saisonalen
Kdrpergewichtszyklus beteiligt sind.

Insgesamt nehmen wir an, dass mehrere Signalweg@ die Regulation des energetischen
Gleichgewichts involviert sind, durch freiwilligeaufradaktivitat beeinflusst werden. Dabei
koénnten sich bereits kleine Veranderungen in emmereldieser Signalwege aufsummieren und
somit einen Gewichtsanstieg in Winter-angepasstesunBarischen Zwerghamstern
ermdglichen.

Energetisches Gleichgewicht - Saisonale Anpagssu Freiwillige Laufaktivitat



SUMMARY

To be able to survive the extreme continental démia their natural habitat, Djungarian
hamstersPhodopus sungorus) exhibit physiological adaptations. Particularywinter, when
the ambient temperature may drop far below -40 A@ #ood availability is restricted,
mechanisms to save energy are essential. Trigdgeretkecreasing day lengths, Djungarian
hamsters moult into a well-insulating whitish winfer, they show daily torpor (a state of
hypometabolism and hypothermia), testes regressidna reduction in body mass. However,
in previous studies, voluntary exercise in shosgtsdlaas been shown to affect some of these
winter-acclimatizations. Hamsters with access toraing wheel are rarely torpid, they show
a delayed testes regression and a body weight gain.

In addition to the already known influences we doshow that wheel-running activity
negatively affects successful reproduction. We tbardecreased number of pregnancies and
increased infanticide in voluntarily exercising édeng pairs and singly kept females. Thus,
the additional energetic challenge due to wheehing activity clearly shifted the balance
between maternal investment into the offspring aetf-maintenance at the expense of
reproductive success. To further determine exeinbieced changes that might underlie the
weight gain in winter-adapted hamsters, we invastig the influence of wheel running on
gene expression in the hypothalamic arcuate nu¢feRE). The ARC is a brain centre that is
involved in energy balance regulation. We could vehitnat the expression of neither
orexigenic nor anorexigenic genes was changed @lesdrcise in short days. However, the
melanocortin pathway and secretory processes ubaegion of the ARC (dmpARC) seem
to be stimulated. Moreover, we provide evidencé éxarcise-induced growth contributes to
the increase in body mass. Quantification of gexgession in the thyroid system on the
other hand indicated that the central perceptionplebtoperiod was not affected. We
thereupon investigated in a subsequent study, whetRercise-induced signals from the
periphery might affect the mechanisms underlyingseeal body weight regulation.
Therefore, the phosphorylation of enzymes involved myocyte metabolism in the
gastrocnemius muscle was analysed. In additiompseoncentrations of insulin and insulin-
like-growth factor 1 were determined. In anotheudst the temporal sequence of
hypothalamic expression for genes, assumed to\mdvied in body weight regulation, was
investigated for the first time in hamsters kephatural photoperiod and ambient temperature
for one year. Since gene expression, such as tygeidlinase @io2), monocarboxylate
transporter 8 Nict8) and somatotropin release-inhibiting factéri{) changed prior to or in
parallel to the body mass, they could be confirreedbe involved in the regulation of the
seasonal body weight cycle.

Altogether, we assume that several pathways indolve energy balance regulation are
affected by voluntary wheel-running activity. Thieye already small changes in some of
these pathways might sum up, thus allowing a weggln in winter-acclimatized exercising
Djungarian hamsters.

Energy balance - Seasonal adaptation - ntéanyiexercise
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ABBREVIATIONS

ABBREVIATIONS

AA-NAT
ACC
AGRP
AICAR
Akt
AMP
AMPK
a-MSH
ANOVA
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ATP
BAT
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DTT
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analysis of variance

arcuate nucleus
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bovine serum albumin

control
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Dual-Energy X-ray Absorptiometry

type 2 deiodinase

type 3 deiodinase

dorsal medial posterior arcuate nucleus
dithiothreitol

ethylene diamine tetraacetic acid

ethylene glycol tetraacetic acid
extracellular signal-regulated kinase 1/p44/42 MAPK
follicle stimulating hormone
y-aminobuyric acid

growth hormone

growth hormone-releasing hormone



ABBREVIATIONS

GLUT-4
GnRH
GPR50
h

H3R
HRP
5-HT-2A/7
I.C.V.
IGF-1
IGFR-1
IL-6
JAK

LD

LH
MAPK
MC3/4
MCT8
ME
min
MRI
MRNA
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PT
PVDF
PVN

glucose transporter 4
gonadotropin-releasing hormone
G-protein-coupled receptor 50
hour(s)

histamine 3 receptor
horseradish peroxidase
serotonin receptor 2A/7
intracerebroventricular
insulin-like-growth factor 1
insulin-like-growth factor receptor 1

interleukin 6

janus kinase

long day length (i.e. summer)

luteinising hormone

mitogen-activated protein kinase
melanocortin-3/4
monocarboxylate transporter 8
median eminence

minute(s)

magnetic resonance imaging
messenger ribonucleic acid
neuropeptide Y

nucleus of the solitary tract
parabrachial nucleus

phosphate buffered saline
personal computer

prohormone convertase 2
paraformaldehyde
peroxisome-proliferator-activated receptoo-activator-1
phosphatidylinositol 3-kinase
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polyvinylidene difluoride

paraventricular nuclei



ABBREVIATIONS

RAR retinoic acid receptor

rev. revolutions

RNA ribonucleic acid

rTs reverse thyroid hormone (inactive)
RT-PCR reverse transcriptase polymerase chainioeact
RW running wheel

RXRy retinoid X receptoy

SCN suprachiasmatic nuclei

SD short day length (i.e. winter)

SDS sodium dodecyl sulphate

SEM standard error of the mean

Sqlll/Vvi secretogranin 1/VI

SOCS3 suppressor of cytokine signalling 3
SRIF somatotropin release-inhibiting factor
SS summer solstice

SSC standard saline citrate

STAT signal transducer and activator of transmipt
Ts diiodothyronine (inactive)

T3 active thyroid hormone (triiodothyronine)
Ta thyroid prohormone (thyroxine)

Ta ambient temperature

TBS Tris buffered saline

TEA triethanolamine

TLQP-21 (nonacronymic)

TRH thyrotropin-releasing hormone
tRNA transfer ribonucleic acid

TSH thyroid stimulating hormone
VGF (nonacronymic)

WS winter solstice
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GENERAL INTRODUCTION

One of the most serious public health problems dvade is obesity, with increasing
prevalence in the 21century. Obesity is associated with various sexj@edrdiovascular
diseases, type 2 diabetes, cancer etc.), wherisbgxpectancy is reduced. The cause of this
disease is excess energy consumption in combinatitm a lack of energy expenditure
through metabolism or exercise. Developing thesagee help the increasing number of
diseased people is the main focus of recent scienttes field. Therefore, basic research in
energy homeostasis regulation and body weight abranks first. A suitable animal model
for this kind of investigations is the Djungariaanhster Phodopus sungorus; also known as
Siberian hamster). This small mammal naturally shawronounced seasonal cycle in body
mass, which is associated with seasonal adipodrgdé and Bartness 1984). Alterations in
body and fat mass can easily be examined by traimgjethe photoperiodic hamster species
to different light regimes.

The following sections further introduce the Djuniga hamster as an animal model and
deliver insights into established pathways in trerband the periphery that are known to be
involved in the regulation of body mass. Besidestpperiod, another ‘tool’, namely wheel-
running activity in the Djungarian hamster, is destoated to be suitable to challenge and

investigate the mechanisms underlying seasonal ivadyht regulation.

The Djungarian hamster and seasonal adaptations

Seasons derive from to the yearly rotation of tthearound the sun and the tilt of the earth’s
axis. At latitudes above and below the equatorsictamable changes in climate and day
lengths occur in the course of one year, as battigpheres are illuminated and heated by the
sun with changing duration. During evolution, straés to adapt to seasonal changing
conditions were beneficial for survival in localimals that were not able to escape if
environmental conditions (temperature, precipitati@and food availability) became
temporarily unfavourable. Thus, many species tbatat exhibit the preconditions to migrate
in winter are seasonal in their behaviour and piggly themselves. The most reliable factor,
changing consistently in the course of one yegrh®operiod. In mammals, the perception of
this environmental signal results in neuroendocdhanges leading to seasonal adaptations
(for review, see Scherbarth and Steinlechner 2010).

Djungarian hamsters are native to an area incluthiegsteppes of northern Kazakhstan and

China, Mongolia and southern Siberia (Flint 196f)proximately between 47°N and 57°N.
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According to the continental climate, environmern&hperatures may range between 40° C
in summer and -72 °C in winter. To survive thisrerte annual amplitude in climate and
ensuing food availability (seeds and insects), Darran hamsters adapt physiologically and
show annual cycles in gonadal size and functioqotooccurrence, pelage colour and body
weight, all of which are induced by photoperiodg@ta et al. 1973, Hoffmann 1973). The
hamsters are long-day (LD) breeders, showing fdiyeloped gonads and an associated
period of reproduction during spring and summergression of the gonads takes place
during the transition from summer to winter, as tiygths decline, leading to reproductive
quiescence (Figala et al. 1973, Hoffmann 1973). itkaithlly, individuals moult from a
greyish-brown summer fur into a whitish winter fuvhich shows improved properties in
thermal insulation (Heldmaier and Steinlechner E81n winter, the animals show an
increased fur depth and a higher proportion of tshwol hair (Kuhlmann et al. 2003). The
change back to the summer fur takes place betvegeminter and early spring (Figala et al.
1973, Hoffmann 1973). Together with a decreased llosa because of the better insulating
winter fur, short phases of spontaneous daily tofdpad to a reduction in total energy
requirements (Heldmaier and Steinlechner 1981bdiHailer et al. 1982). Daily torpor is
characterized as a state of reduced metabolicaratedecreased body temperature not below
14 °C (Figala et al. 1973, Kortner and Geiser 200l hypometabolic and hypothermic
state usually occurs the first time after 12-13 kgeender short-day (SD) conditions (Elliott
et al. 1987, Ruf et al. 1993). Torpor bouts may lgsto eight hours and occur during the
light phase (i.e. the inactive phase of the hamkté&urthermore, in response to decreasing
photoperiod in autumn, Djungarian hamsters spooiasig reduce food intake and body mass
(Knopper and Boily 2000). Dependent on sex, thaghea minimum weight of about 25-30 g
in winter, compared to a maximum of 40-45 g in swenrfFigala et al. 1973, Hoffmann
1973). The advantages of this adaptation are furtleereased energy requirements of a
smaller hamster in winter (Steinlechner et al. 398&acilitating survival during this
unfavourable time of the year.

After prolonged exposure to SD, the photoneuroendecsystem develops refractoriness.
This lack of response to the inhibitory SD signaduces the hamsters’ reversion from the
winter phenotype to the summer state in anticipatibthe favourable time for reproduction
in spring (Hoffmann 1978, 1979, Schlatt et al. 199%hus, spontaneous recrudescence, as
well as the increase in body mass and the moutdéossummer fur are induced despite the
short photoperiod. Subsequently, hamsters requmeriad of about 10-15 weeks in LD to re-
sensitize the neuroendocrine system to the inmpit8D signal again (Bittman 1978,
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Kauffman et al. 2003, Reiter 1972, Stetson et@.7). However, the mechanisms involved in
the development of photorefractoriness remain telbeidated. Up to now, it is assumed that
refractoriness occurs due to an inability to reeel$D melatonin signal.

In mammals, the perception of photoperiodic infatiorais linked to the eyes. Photoreceptors
of the retina are stimulated by light and transmfibtrmation via the retinohypothalamic tract
to the hypothalamic suprachiasmatic nuclei (SCNyrg¢en et al. 1998) where the circadian
clock resides. Its rhythmic output entrains meteino| physiology and behaviour to the 24-
hour-period of a day (for review, see Welsh et2810). Across the paraventricular nuclei
(PVN), the clock’s output is conveyed to the pinglahd via a multisynaptic pathway and the
sympathetic nervous system (Larsen et al. 1998hiWwihe pineal gland, neural information
is transformed into an endocrine signal in the fofrmhythmic secretion of melatonin into the
blood stream and cerebrospinal fluid (CSF). The fehiting enzyme for the synthesis of
melatonin in the pinealocytes is arylalkylamine-tetyltransferase (AA-NAT) that catalyses
the conversion of serotonin into a melatonin pregurSince AA-NAT is active only during
night (Klein and Weller 1970), the duration of tinelatonin peak is positively correlated with
the night length. Subsequently, the hormonal sigwa$ in the brain and in tissues where
melatonin receptors are expressed. There is acatimyevidence that the pars tuberalis (PT)
of the pituitary gland is one target site for tleti@n of melatonin. The PT in turn transduces
photoperiodic changes into seasonally changing@pettof prolactin secretion by the pituitary
gland, which triggers a cascade of processes lgadirseasonal changes in physiological
traits (Duncan and Goldman 1984, Dupré et al. 200&lerigg et al. 1996, Wagner et al.
2007). However, further research is necessarydatity other brain areas that are possibly

involved in melatonin-mediated signalling.

Seasonality and exercise

Hamsters are known for their intense and voluntangel-running activity, which is feasible
for continuous long-term recordings. Registratidnwdeel running is primarily used in
biological rhythms research, where the hamstersloganous rhythm is assumed to be
reflected by the day-night activity patterns. Hoeewvhe nature of voluntary wheel-running
activity in captive rodents is discussed controads (for review, see Sherwin 1998). It
remains unclear, whether wheel running in smallbiatory cages is a reflection of the

locomotor activity that would also occur in theural habitat, or whether it is an artefact of
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captive environments or of the running wheel (R®WgIf. One study revealed that even cage
enrichment has only very small effects on the pata®d amount of running-wheel activity in
Syrian hamstersMesocricetus auratus) (Reebs and Maillet 2003). This finding suppolhts t
hypothesis that voluntary wheel-running activityghii be self-reinforcing (Sherwin 1998).

In further studies, wheel-running activity has bes@éiown to have various effects in rodents.
For example, spatial learning in rats is improvatbiigh physical exercise (Fordyce and
Farrar 1991). Furthermore, the proliferation ofqumsor cells, cell survival and neurogenesis
is increased in the hippocampus of exercising nfi@ Praag et al. 1999). In addition,
physiological and morphological changes were foundoluntarily exercising Syrian and
Djungarian hamsters. Like Djungarian hamsters, &yhamsters show seasonal changes in
gonadal size and body weight but they increase bwdgs in response to shortening
photoperiods (i.e. pre-hibernation fattening). Salvstudies showed both incomplete gonadal
regression and inhibited hibernation in this hamspecies caused by wheel-running activity
in SD (Gibbs and Petterborg 1986, Menet et al. 20B@rthermore, prolonged exercise in
Syrian hamsters evoked an increase in body maserRad Kaplan 1977, Borer and Kooi
1975, Gattermann et al. 2004) due to exercise-iedigrowth (Borer and Kelch 1978, Borer
and Kuhns 1977). However, the perception of phatod& information was not impaired in
hamsters with access to a RW (Menet et al. 2005).

Studies in the Djungarian hamster revealed siméaults concerning the influence of wheel-
running activity on seasonal acclimatizations (Slcagh et al. 2007, 2008). In an experiment
under natural photoperiod and natural ambient teatpes (T), Scherbarth and coworkers
(2007) found the seasonal cycle in body weightaatigosity to be affected by wheel-running
activity. Instead of the typical SD-induced deceeasbody mass, the animals increased their
body mass and remained heavy. Furthermore, théégesdicated that mainly lean mass was
responsible for the exercise-induced increase dy Inoass.

In the present study, we thereupon investigatedadligg pathways in skeletal muscle of
exercising hamsters, as muscles are the main canponf lean mass. We hypothesized that
altered signalling from peripheral skeletal mudolé¢he brain might be involved in affecting
the mechanisms that regulate the seasonal bodyhiveygle in Djungarian hamsters (see
chapter 4).

Like in Syrian hamsters, a growth-stimulating effet wheel-running activity has also been
demonstrated in Djungarian hamsters. Under SD tiongj Scherbarth and coworkers (2008)
found elongated femora in exercising hamsters coedpto controls. Besides body mass,

voluntary exercise also affected torpor and theagah cycle. Torpor was inhibited and
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testicular recrudescence was advanced in hamstéisaacess to a RW. Likewise, in a
following study it was shown that testes regressioi®sD is delayed due to wheel-running
activity (Scherbarth et al. 2008).

In the present study, we investigated the influeoiceoluntary exercise on reproduction to
further shed light on the challenge of high enecgaasts for the females during reproduction
and additionally increased energy expenditure dweheel-running activity (see chapter 2).
However, from all examined seasonal traits, ongy iiioult to the whitish winter fur was not
affected by wheel-running activity in Djungariannigters (Scherbarth et al. 2007, 2008).
That provides evidence that the perception of pgbariod is not impaired by exercise, as it
was shown for Syrian hamsters (Menet et al. 2005).

Mechanisms for short-term and long-term energy balance regulation in the hypothalamus

The arcuate nucleus (ARC) in the hypothalamus igmgortant brain centre that maintains
energy homeostasis by integrating peripheral méitaland nutritional signals (for review,
see Kalra et al. 1999), such as leptin and inggke@Peripheral nutritional hormones). The
ARC resides at the base of the hypothalamus oeresite of the CSF-filled®ventricle and
close to the hypothalamo-hypophyseal portal systean links the hypothalamus and the
anterior pituitary with the brain. The anteriorypiiry receives signal molecules through the
blood of the portal capillaries and is involved time control of other endocrine glands.
Facilitating the linking role with the hypothalamuke median eminence (ME) at the base of
the 3 ventricle does not form a blood brain barrier. léwer, a barrier (through tight
junctions) (Mullier et al. 2010) as well as a littkrough transcytosis) between CSF, brain
and portal blood supply to the pituitary gland @nfied by tanycytes (for review, see
Rodriguez et al. 2005). Tanycytes are elongatedl&iplial cells, which are locatad the
basolateral wallef the ependymal layer of th&%entricle. Their cell bodies are part of the
ependymal layer and the processes proceed thrivegME to the portal capillaries (Figure
1). Through this design, the ME bathes in tffev@ntricular and subarachnoidal CSF and is
accessible by circulating factors. However, sulzstann the portal capillary spaces are not
able to enter theBventricular CSF or the intercellular space of &RC. But the other way
around, neurohormones of the ARC can reach thealpodpillaries by axonal transport
through tanycytes.

The homeostatic system in the ARC that regulateg-4érm energy balance by affecting
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Figure 1: Detail of a coronal brain section
(Phodopus sungorus) in the region of the
arcuate  nucleus (ARC), stained via
immunohistochemistry for vimentin protein

(magnification: x 50). EL: ependymal layer of

EL
' SV\ ’ ! the 3% ventricle, 3V: ventral "8 ventricle, T:

—— ARC tanycytes, ARC: area of the arcuate nucleus,

; LSMEY A ME: median eminence
2SR~ -~

SAlis %
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food intake and energy expenditure involves twoagonistically acting populations of
neurons (for review, see Sainsbury and Zhang 2QE@ure 2). Neurohormones that are
expressed and secreted from these neurons can atedhé activity or response of target
neurons in other brain nuclei. During food depiimat the expression of orexigenic
neuropeptides such as neuropeptide Y (NPY) andtagdated protein (AGRP) increases,
thus stimulating food intake and reducing energpeexiture to compensate for the energy
deficit. Simultaneously, the expression and semmetof satiety-inducing anorexigenic
neuropeptides [proopiomelanocortin (POMC) and cueaiand amphetamine-regulated
transcript (CART)] is inhibited. POMC is the presar ofa-melanocyte stimulating hormone
(a-MSH) that mediates its anorexigenic effects bydimg to the melanocortin-4 (MC4)
receptor in the PVN. The PVN is located on eittide ©f the roof of the 3 ventricle and
several neurons originating in the ARC project i tarea. In addition to MC4 receptors,
receptors for NPY (Y receptors) are found to bauaudated in this brain region (for review,
see Sainsbury and Zhang 2010).

The main mechanism to regulate energy expenditowelves the hypothalamo-pituitary-
thyroid gland axis. An increase in NPY or AGRPresponse to an energy deficit, inhibits the
expression of thyrotropin-releasing hormone (TRi{}he PVN and thus reduces the activity
of this axis. Hence, the secretion of thyroid prohone (T,; thyroxine) and active thyroid
hormone (5; triiodothyronine) from the thyroid gland into tidood is limited, leading to a
reduced metabolic rate. Thus, the PVN as well asARC, seem to be involved in the
hypothalamic control of appetite and energy expeneli

However, in Djungarian hamsters the expressiom@fitomeostatic geneldy, Agrp, Pomc,
Cart) does not show seasonal cycles (Mercer et al. ,2B@ddy et al. 1999). In addition,

lesions of the ARC do not disrupt seasonal chamgpslage colour, reproduction, food

10
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1 Food intake U Physical activity U Energy expenditure

il Ty

* Brain stem
* Pituitary gland
» Other brain nuclei

M3
recepiors

3V

Adipose
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in negative energy balance

Figure 2: Insulin and leptin are secreted into the bloagstm and interact with target neurons in the ARC. In
negative energy balance, insulin and leptin actithe orexigenic neuropeptide Y (NPY) and agouttesl
protein (AgRP) expressing neurons, whereas theeaiganic POMC and CART expressing neurons are
inhibited. These neurons project to the paravamtic nucleus (PVN). Through agonistic (NPY) and
antagonistic (AgRP) receptor binding of secreteskigienic peptides, anabolic mechanisms for the t@aémce

of energy homeostasis are initiated, involvinghihgin stem, the pituitary gland and other brainleiugnodified
after Niswender and Schwartz 2003 and Sainsburyaadg 2010).
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intake and body weight (Ebling et al. 1998). Théiselings indicate that two different
mechanisms are involved to differentiate betweentdierm (food availability) and long-term
(seasonal) effects on body mass. At present, oBIM® is considered to participate in both
mechanisms as MC4 receptors were found to be pbaotajically regulated in the brainstem,
which is suggested to be involved in the long-teéegulation of body mass (Helwig et al.
2009).

To identify the mechanisms underlying the seasaggllation of body weight, several
studies pursued the identification of photoperiatlic regulated genes in the brain of
Djungarian hamsters (Barrett et al. 2005, 2006,/72@009, Herwig et al. 2009, Nilaweera et
al. 2009, Ross et al. 2004, 2005). A recently exidied subregion of the ARC is the dorsal
medial posterior arcuate nucleus (dmpARC), whicks watially described as the dorsal
tuberomamillary nucleus (Barrett et al. 2005). Qiimation of gene expression in the
dmpARC showed a photoperiodic regulation of histem8 receptor H3R), the retinoid-
binding proteins cellular retinol binding protein(@rbp-1) and cellular retinoic acid binding
protein 2 Crabp-2), as well as the nuclear retinoic acid receptetimoid X receptoy (Rxry)
and retinoic acid receptoR4r) (Barrett et al. 2005, 2009, Ross et al. 20045200

Histamine and H3R are suggested to be involvedenrégulation of food intake and body
weight since histaminergic neurons project to, BiBRs are expressed in, the ARC (Inagaki
et al. 1988, Pillot et al. 2002). Studies that teath the role of the histaminergic system in
Djungarian hamsters showed a SD-induced downregnlatf H3R gene expression in the
dmpARC (Barrett et al. 2005). Presumably, this $etm a reduced secretion of inhibitory
neurotransmitters such gsaminobutyric acid (GABA), thereby activating dmp&Rieurons.
These data are in agreement with a study of Nileavaad coworkers (2009), who found an
increase in secretory and intracellular signallpgghways in the dmpARC of Djungarian
hamsters in SD compared to LD. They quantified dbae expression of secretogranin Ill
(Sglll) and SgVvI, which both are translated into proteins contiiitto the formation of
secretory granules, as well as melanocortin-3 tecegVc3-R) and serotonin receptors 2A
(5-HT-2A) and 5-HT-7, which are involved in the signalling pathway dfetdmpARC.
Furthermore, neurons of the dmpARC are involvethm innervation and regulation of the
sympathetic nervous system input to white adipessu¢ (Bamshad et al. 1998). Thus, an
activation within the dmpARC in SD might contribute the seasonal loss in fat mass.
Additional four genes that are components of thieoe acid signalling pathway were found
to be photoperiodically regulated in the dmpARCe¥ylnclude genes encoding the retinoid
binding and transport proteins CRBP-1 and CRABM& the retinoic acid receptors RXR

12



GENERAL INTRODUCTION

and RAR (Ross et al. 2004, 2006)bp-1 was found to be photoperiodically expressed in the
ependymal layer of thé%/entricle as well (Barrett et al. 2006). Althougtveral functions of
retinoic acid are known, its targets and the peedisvolvement in regulating seasonal
adaptations in Djungarian hamsters remain to réfield

Gene expressions ®gf (nonacronymic) and G-protein-coupled receptor Gpr§0), as well

as gene expression in tanycytes and both the thyand growth axis are also regulated
seasonally in the hypothalamus of Djungarian harssiéhe role of these genes in seasonality
and the hypothalamic energy balance circuitry igla@red in detail in the introduction of the

according chapters (3 and 5).

Peripheral nutritional hormones

Peripheral hormones are assumed to have an impaatergy homeostasis by stimulating or
inhibiting the activity of orexigenic and anorexige peptide-secreting neurones. To date,
only leptin and insulin have been identified aseadht adiposity signals (for review, see
Niswender and Schwartz 2003). These hormones ateuh the blood stream, enter the
hypothalamus and act on the energy balance sysgeiie regulation of food intake. Thus,
they present a negative-feedback signal from bagyl &tores in the periphery to the
hypothalamic ARC (Figure 2).

Leptin is a well described hormone that is expréssed secreted by adipocytes, whereby its
concentration in the blood changes in relationddybfat stores. Leptin receptors were found
in the ARC, signalling through the janus kinase KJl&ignal transducer and activator of
transcription (STAT) pathway. The expression ofi¢étrgenes is regulated by translocation of
activated STAT3 to the cell nucleus. Through legignalling, mMRNA expression levels of
anorexigenid?omc andCart, that mediate reduced appetite and increased ep&pgnditure,
are up-regulated. However, exogenous leptin tumgadot to be an effective therapy against
obesity, as neuronal leptin resistance is commoongnobese individuals. They do not show
reduced food consumption and increased energy dkpesn despite high levels of plasma
leptin. Investigations in Djungarian hamsters réa@aresults that are in line with these
findings. Authors of previous studies reported tlegatin levels changed in parallel to the
seasonal cycle of body weight (fat). A decreasguiiegene expression in white adipose
tissue and low serum leptin concentrations weradan hamsters in winter or under artificial

SD conditions, in contrast to high leptin levelssuimmer or LD (Klingenspor et al. 1996,
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2000). Gene expression of the leptin recep@i-Rb) in the ARC was also down-regulated in
SD compared to LD (Mercer et al. 2000). Hence, libdy mass of Djungarian hamsters
increases in the course from SD to LD despite asirg plasma leptin concentrations and up-
regulated leptin receptor expression in the ARCrtHammore, leptin injections in SD
decreased body fat mass to a larger amount comparexibgenous leptin administration in
LD (Klingenspor et al. 2000). Therefore, leptin is¢@nce in ‘obese’ LD hamsters was
strongly suggested. The cause of leptin resistamdeD is still unclear but might involve
increased signalling of the suppressor of cytolsigmnalling 3 (SOCS3)Socs3 is a gene,
whose expression is regulated through the JAK/Spathway distal from the leptin receptor
and SOCS3 inhibits leptin receptor signalling. Qifeation of photoperiodically regulated
Socs3 mMRNA expression in the ARC of Djungarian hams{ersadvance of changes in body
mass) revealed an up-regulated gene expressiol icdmpared to SD (Tups et al. 2004,
2006a). This indicated inhibited leptin signallimgLD, probably causing leptin resistance.
Plasma leptin levels were also measured in referemevheel-running activity in Djungarian
hamsters (Scherbarth et al. 2007). The study regesimilar leptin levels in hamsters with
and without access to a RW in December, despitesitr@ficant difference in body mass.
Hence, similar amounts of fat mass in both grougsewsuggested. In December, when
control hamsters reached their body mass naditinlégeatment via implanted minipumps
caused a decrease in body mass only in the RW gktether this was due to an already
increased SOCS3 level in the control hamsters, might cause leptin resistance, or due to
the fact that these animals already reached tlely mass nadir, remains open.

In the present study we focussed on the measureaigpfasma insulin concentration in
Djungarian hamsters (see chapter 4) as up to ntwjes analysing the involvement of
insulin signalling in seasonal body weight regulatof the Djungarian hamster are scarce. In
one study that sought to investigate this verydssiie authors caused diabetes in Djungarian
hamsters via injection of streptozotocin (a pantocgiacell toxin) (Bartness et al. 1991). As
this treatment revealed a highly adverse effedheranimals’ state of health, even up to death
and, additionally, subsequent essential insulitaxament therapy was carried out, the results
have to be regarded cautiously.

Insulin is secreted into the blood from pancreptezlls and through the blood brain barrier it
enters the ARC where insulin receptors are presémiever, little is known about insulin
signalling pathways in the hypothalamus. Contrgstonthe assumed catabolic properties of
the insulin pathway, Tups and colleagues (2006bhdansulin receptor MRNA expression to

be down-regulated in SD. Likewise, another studyeaéed that plasma insulin concentrations
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were low in SD compared to LD in Campbelli hams{&tzodopus campbelli) (Mercer et al.

1995), which are closely related to the Djungariaamster. Conceivably, increased
anorexigenic leptin signalling due to an increalsgdin sensitivity in SD may down-regulate
insulin signalling to prevent catabolic overdri¢owever, the implicated mechanisms of a

cross-talk between insulin and leptin receptor aligmy still need to be elucidated.

Aims and scope of the present study

In chapter 2 we challenged Djungarian hamster limge@airs and singly kept females
energetically with voluntary wheel-running activiand concurrent reproduction. Thus, we
were able to further investigate potential impacighe hamsters’ high motivation to run.

In another study (chapter 3), we investigated agerinduced changes in hypothalamic gene
expression of hamsters kept in SD and LD. Theralyclarified whether mechanisms at the
level of the hypothalamus might be involved in Weght gain of individuals with access to a
RW.

Furthermore, we analysed signalling pathways ineskemuscle of exercising Djungarian
hamsters as we hypothesized that muscle-derivagheeal signals might feed back to the
hypothalamus and thus might have an impact on egalation of energy homeostasis and
body weight (chapter 4).

In the last chapter (5) we verified the involvemehphotoperiodically expressed genes in the
seasonal body weight cycle of Djungarian hamstEnsrefore, we performed an experiment
in the course of one year in Hannover (52°N), undgural T, and natural photoperiod with

its gradual transitions from summer to winter argkwersa.

15



CHAPTER 2

CHAPTER 2

Voluntary exercise at the expense of
reproductive success in Djungarian hamsters

(Phodopus sungorus)

Ines Petri, Frank ScherbarthStephan Steinlechner

“These authors contributed equally to this work
Institute of Zoology, University of Veterinary Maiine Hannover, Buenteweg 17, 30559

Hannover, Germany

Published irNaturwissenschaften (2010) 97(9):837-843.

16



CHAPTER 2

Abstract

Energy demands of gestation and lactation represaetvere challenge for small mammals.
Therefore, additional energetic burdens may commensuccessful breeding. In small
rodents, food restriction, cold exposure (also ambination) and wheel running to obtain
food have been shown to diminish reproductive autocAlthough exhibited responses such
as lower incidence of pregnancy, extended lactabemnods and maternal infanticide were
species-dependent, their common function is toshdjnergetic costs to the metabolic state
reflecting the trade-off between maternal investimemd self-maintenance. In the present
study, we sought to examine whether voluntary egeraffects reproduction in Djungarian
hamsters Phodopus sungorus), which are known for their high motivation to ruma wheel.
Voluntary exercise resulted in two different effecin reproduction; in addition to increased
infanticide and cannibalism, which was evident asrall experiments, the results of one
experiment provided evidence that free access manaing wheel may prevent successful
pregnancy. It seems likely that the impact of vtduy wheel running on reproduction was
associated with a reduction of internal energy ueses evoked by extensive exercise. Since
the hamsters were neither food-restricted nor fbtoerun in the present study, an energetic
deficit as reason for infanticide in exercising damould emphasise the particularly high

motivation to run in a wheel.

Keywords: reproduction, pup mortality, cannibalismieel-running activity

Introduction

Mammalian reproduction is associated with high gegc costs, representing a severe
challenge especially for small species. In faattdion is the most energy-demanding time
for female small mammals (Bronson 1985; Speakma@8Y0In animals that exhibit
postpartum estrous such as mis&ug musculus), rats Rattus norvegicus) and Djungarian
hamsters FPhodopus sungorus; also known as Siberian hamster), lactation isndiesly to
coincide with gestation. Different strategies oédang and allocation of energy resources
have evolved to cope with elevated energy demandsgireproduction. On the one hand,
physiological adaptations are important that cowateand, thereby, attenuate the rise in

energy expenditure during reproduction. For examalelecrease in brown adipose tissue
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(BAT) activity saves energy by reducing heat prdiun; which is known for several rodent
species (Frontera et al. 2005; Matrtin et al. 13fhneider and Wade 1987; Trayhurn 1983;
Wade et al. 1986). On the other hand, increaseafieahtake is essential to avoid severe
energy deficits during reproduction.

In Djungarian hamsters, food consumption rises idengbly during lactation but only
slightly increases during pregnancy (Bartness 19Ghneider and Wade 1987; Weiner
1987). As a consequence, females exhibit a strikieg of body fat (~50%) before lactation
(Schneider and Wade 1987), which is comparable itmings in Syrian hamsters
(Mesocricetus auratus;, Bhatia and Wade 1993; Wade et al. 1986). Hencstead of
increasing food intake appropriately to preventlelegn of fat stores, pregnant hamsters
tolerate the negative energy balance. This counitative strategy has been related to the
hamsters’ specific ingestive behaviour; the faett tood hoarding is increased in pregnant
and lactating Djungarian hamsters suggests thatredtenergy resources might be involved
in energy balance regulation (Bartness 1997; Keeindhart et al. 2010). Thus, energy
reserves might be considered as being composedntyptof body fat but also of hoarded
food, which is easily available.

In several rodent species, it has been demonstiiaa¢@n additional energetic burden such as
food restriction, cold exposure and increased lamtomactivity during pregnancy and/or
lactation may compromise successful reproductiororfBon and Marsteller 1985; Johnson
and Speakman 2001; Labov et al. 1986; Marstelldrlaimch 1983, 1987a,b; McClure 1981).
Interestingly, responses of reproductive femalethése additional energetic challenges vary
between rodent species. For example, when house (Migs musculus) were forced to run
more than a certain number of wheel turns to recaivfood pellet during lactation, they
routinely cannibalised young (Perrigo 1987). In tcast, in the same study, deer mice
(Peromyscus maniculatus) did not eliminate pups to support their own egebglance, but
instead increased wheel running and thus feedifogteThe percentage of pregnant females,
however, considerably decreased with increasingbeusnof revolutions required to obtain
food, indicating an ‘all-or-nothing’ response inedemice. In Djungarian hamsters, cold
exposure impaired both weight gain and survivapops (Paul et al. 2010) although dams
increased food intake at low ambient temperatugeddmpared to moderate conditions.

With regard to increased locomotor activity, bothod intake and oxygen uptake also
increased in non-reproductive Djungarian hamstBestiiess and Wade 1985, Scherbarth et
al. 2008). Moreover, we could show that runningreise affected the hamsters’ body

composition (Scherbarth et al. 2007). The findingdicated a growth-promoting effect

18



CHAPTER 2

(increased lean mass) associated with a reductioslative fat mass. This anabolic effect of
voluntary wheel running together with the rise imersgy expenditure is likely to be an
energetic challenge for pregnant and lactating fesador that reason, the hamsters in our
experiments were not forced to run for food. Indfege sought to examine whether voluntary
wheel running affects reproduction. Indeed, in arlier study, no differences in reproductive
outcome were found between singly kept female hensigither with or without access to a
running wheel (RW) (Scribner and Wynne-Edwards,4B99However, females obtained RW
access only one week before parturition, and tteesg dpirth to merely one litter, i.e. without
the burden of lactation and concurrent gestatiorthé present study, therefore, we allowed
free RW access from the time of mating until hamssted produced several litters.

Methods

Animals

Hamsters Phodopus sungorus) were reared either outdoors under a natural jpleotod (NP;
Hannover, ~52°N latitude) with natural, Texperiment 1) or in a temperature-controlled
chamber (23 = 1°C) with an artificial light-darkag of 16 h of light and 8 h of darkness (LD
16:8; experiment 2 and3). Until the beginning of the experiments, hamsteese kept singly

in polycarbonate cages (20.7 x 14 x 26.5 cm) apglsed with breeding diet (Altromin 7014)
and tap watead libitum, supplemented by a slice of apple once a weekin@@xperimental
procedures, breeding pairs and solitary dams wewedd in bigger cages (26.5 x 18 x 42 cm)
and received oat flakes, sunflower seeds and dwedse (20% fat in dry matter) twice a week

in addition to the common food (pellets and apple).

Experimental design

Initially, reproduction was compared between twaaflal groups (RW vs. sedentary) of
breeding pairs kept under natural lighting and terafure conditions. In the second
experiment, we sought to examine whether runningraéxe has a lasting effect on
reproduction and therefore chose a crossover Batause of the long duration, we had to
carry out the experiment indoors using artificighting. Finally, in the third experiment,

females were kept without male after mating. Thiglded us to determine the females’

amount of exercise.
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Experiment 1

From 17 March until 9 June (2006), twelve virgimfies (10-12 months old) and twelve
males (6-12 months old) were kept outdoors in paid were provided with a wooden nest
box and tissue for nesting material, (mean: 12.2°C; range: -2 to 28°C) was measured at
intervals of one hour with a temperature logger B&ELL, iButton, Maxim Integrated
Products, Inc., Sunnyvale, CA). For the duratiorth&f experiment (12 weeks) six breeding
pairs had free access to a running wheel (RW; ~tm5n diameter). Commercial metal
wheels were improved by a continuous running tteaavoid leg injuries. Wheel revolutions
were registered continuously with a reed contacthenwire lid and a magnet attached to the
wheel. Data were stored at 6-min intervals on asg®al computer. To determine the
individual contribution of female and male hamstiershe registered number of wheel turns,
two breeding pairs were monitored with an infravedeo camera for one night. Recordings
were analysed by visual inspection (PC softwarede) for the hamsters’ stay in the RW.
For each interval (3 min), it was determined whetine female or male hamster, or both,
used the RW. All hamsters were weighed once a week.determination of reproductive
success all pups were considered that were bofmnatbhe twelve weeks and successfully
weaned. Breeding pairs with pups younger than ¥% daage at the end of the twelve weeks

were kept under the experimental conditions unéhming.

Experiment 2

Animals were kept in an artificial light-dark cyc{eD) of 16 hours of light and 8 hours of
darkness (LD 16:8) at 22 + 2°C. Virgin females (8ntis old) and males (3-6 months old)
were paired and provided with tissue for buildirggts and a RW (~14.5 cm in diameter) that
either was locked (2a) or released (%)= 5, each) for the first twelve weeks. Subseqyent!
for the second twelve weeks, locked RWs were retkasnd vice versa (Fig. 2). Since wheel
revolutions were not registered, breeding pairsewepeatedly monitored with an infrared
video camera during the dark phase to verify thsie of the RW. Adult hamsters were
weighed twice a week to achieve body weight couvedis higher resolution compared to
experiment 1. Overall litter weights (including alips of each litter) were determined each
day until weaning (Z1day). In case of new offspring, older siblings eveemoved from the
cage. Two of five breeding pairs in experiment 2th mbt reproduce at all. Staining of the
uteri (according to Kopf et al. 1964) revealed tmplantation scars were lacking. A low

percentage of motile sperm found in the epididymisboth males indicated infertility.
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Therefore, these breeding pairs were excluded franresultsN = 3). In experiment 2a, all

litters that were born during the first twelve weekere considered for calculations of mean
litter size and litter frequency. However, only pupat were also successfully weaned within
this period were included into calculation of weditiger size. This applies also to the second

section (RW locked) of experiment 2b.

Experiment 3

Female hamsters were kept in LD 16:8 at 20 + 1°€foi the beginning of the experiment,
13 females were housed each with a male for fiys deovering an estrous cycle), and were
separated subsequently into two experimental grdiggnant (P) hamsters of one group had
free access to a RW gf; N = 6) unlike the sedentary pregnant controlsefPN = 7).
Females were 14 months old and had already prodiecedo six litters. Female hamsters
with proven fertility were used to make sure thayt will give birth to another litter during
the experiment. A third group of females (unmate®; months oldN = 6) served as control
group for wheel-running behaviour gfy). Wheel revolutions were measured continuously as
described in experiment 1. Body mass of the femalas determined each day. For later

analysis, data were aligned to the day of parturiti

Satistics

Results are given as mean values and SEM. Diffeeemere considered significant if P <
0.05. For comparison of two or three unpaired sas)gttest or one-way ANOVA were used,
respectively. Paired samples were compared bygéitest or repeated measures ANOVA.

Statistical procedures were carried out using Stedi 6 (StatSoft, Tulsa, OK).

Results

Experiment 1

Within the twelve weeks of the experiment (outdpoadl control breeding pairs (Q¥ = 6),
l.e. without RW, produced offspring 2-3 times (Tad). In the RW group, two female
hamsters had no offspring at all and were exclddad analyses. Remaining females (RW;
N = 4) had 1-4 litters. However, three litters (sizet known) were cannibalised within two
days after birth in the RW group. Cannibalisecetgtwere the first and first two litters of
breeding pairs. Subsequently, both pairs bred ssbtaéy.
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Table 1
Different reproductive parameters for exercisingd asedentary hamsters compared within the respective
experiment.
born weaned
RW
Exp. N litter size litters/female litter size pups/pair
access
no 6 S 25+0.2 59+05  143%1.0*
1
yes 4 -8 23+06 6.0+0 9.0+1.7
no 54+0.6 32+0.4%  36+05%  7.4+13%
2a 5
yes 40+10 0.6+0.2 0 0
yes 3.0 0.3+0.3 3.0 0.3+0.3
2b 3
no 6.1+0.6 2.3+0.3 33+12 4.7+2.0
no 7  50+06 1* 43+05 -
3
yes 6 48+0.9 1" 22+1.1 —

Results are given as mean + SE; * significantljedént to RW breeding pairs (P < 0.05; t-test)significantly
different to experimental phase with released RW (PO1; paired t-test¥:litter sizes were not always
determined at the day of parturitidrexperiment was limited to one litt€rnumber of weaned pups/pair is

equivalent to weaned litter size

The number of weaned pups per breeding pair wasfisgntly reduced in the RW group
compared to controls (Table 1). In contrast, wedltegl size (without cannibalised litters;
see above) was similar in both groups. Litter sraegied from 2-9 (C) and 2-10 pups (RW).
The small number of two pups occurred only oncegpeup, and it was the first litter of each
female.

Male RW hamsters significantly increased their boss (39.6 £ 1.3 gvs. 47.6 +1.0 g;

Figure 1: Wheel-running activity (6-min

6004 It 'I:"“]:“ intervals) of a breeding pair kept outdoors

g 4001 under natural lighting conditions. One night
5 after about 10 weeks of free RW access is
§ 2001 depicted. The upper part of the figure shows
the intervals (3 min) when the female (f)

o
21:00 22:00 23:00 24:00 01:00 02:00 03:00

Time of day and/or male (m) used the RW. Both the total

number of revolutions (20,594) and the
pattern of running exercise (restricted to the tiigte) is representative. Sunset and sunrise we2®:80 and

04:05 h, respectively.
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paired t-testP = 0.01) unlike male sedentary controls (36.6 +\s538.9 + 2.1 gP = 0.17).

In contrast to female controls, body weight course®RW females showed a tendency of
increasing body weights over the time of the experit, too. However, the females’ body
weight at the end of the experiment was variablfecd¢d by the individual stage of

reproduction, which prevented a meaningful calcomat

Video analysis revealed that both male and fematadters of the two monitored breeding
pairs extensively used the RW (Fig. 1). As expectdtkeel-running activity in general was

almost completely restricted to the night, i.e.nfr@unset to sunrise (activity records not

shown). On average each breeding pdir (@) produced 33,272 + 4,092 revolutions per day.

Experiment 2

2a)

During the first twelve weeks of the experiment (RWked) females gave birth to offspring
2-4 times (Table 1; Fig. 2). A total of 83 pups @éorn (range of litter size: 1-8), however,

20 -

a RW locked RW released
S - Fig. 2 Mean pup body mass until weaning (or
g 15 death) and litter frequency of breeding pairs in
©
S experiment 2a (aN = 5) and 2b (bN = 3).
>
8 10} Different symbols represent litters of different
Keo)
= breeding pairs
o
§ 5r
(]
p=
O 1 L 1 1 1 1 1
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o 15F é
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only 52 pups were born early enough to be weanéardexperimental conditions changed
(RW locked— RW released). Thirty-seven (71.2%) of these 5Z&mupvived until weaning
(21* day). Only one pup was cannibalised out of th@®ds that were born within the first 12
weeks but were weaned during the following expenitalesection (RW released).

While RWs were released, only three out of fiveediag pairs produced offspring (a total of
12 pups; range of litter size: 3-6) but none ofnhsurvived. Conceptions for the first two
litters occurred during the first twelve weeks wHeWs were still locked. Mean litter sizes

did not differ significantly between both experinedrconditions.

2b)

Only one litter was born and weaned while RWs weteased (Table 1, Fig. 2). During the
second period (locked RWSs), 43 pups were born gariditter size: 4-8). Females gave birth
to offspring 2-3 times. In accordance with expenm2a, only pups that were born early
enough to be weaned within the twelve weeks (24pwecluded into calculation of weaned
litter size. Actually, fourteen of these 24 pupgewweaned (58.3%).

Males and females of all breeding pairs in expenin®showed an increase in body weight
after RWs had been released (Fig. 3).

60 | a RW locked RW released
; Fig. 3 Body weight development of a
% or f breeding pair in experiment 2a (a) and 2b (b).
(2] L
g 40t Both females and males exhibited the
-§‘ expected exercising-induced weight gain.
@ 30t o _ N
—O—male Asterisks indicate time of parturitions
—0— female
0 2 4 6 8 10 12 14 16 18 20 22 24
60 -
@ 50 -
[7)]
(2]
g 40
>
©
8 30f e
—O— male
L —0— female
0

0 2 4 6 8 10 12 14 16 18 20 22 24
Weeks
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Experiment 3

Litter sizes of Bep and Rw females were similar (Table 1) with ranges of @3kp) and 1-7
pups (Rw). The difference in weaned litter size did notcteaignificance. However, the
percentage of offspring that survived until weaniwgs significantly reduced inrR
compared to §p (36.2 = 17.3% vs. 87.8 + 6.3%, = 0.013; t-test). This was due to three
females in the Ry group that killed all their pups. Accordingly, Hee litters were not
considered for calculation of weaned litter sizeti¥ity records of these females showed only
a slight decrease in wheel running at the day dlp#on (Fig. 4b). In comparison, dams that
weaned at least some of their pups, exhibitedilarggrdecline in wheel-running activity at
the day of parturition (about —80%) and recoveregrepartum levels about two weeks later
(Fig. 4c). Analysis of wheel running during thetl&sdays of pregnancy (day of parturition
excluded) revealed no difference in the mean nurobegvolutions/day between females that
killed all pups and females that weaned at leastesof their pups (30,448 + 2,344 vs. 23,665
* 3,938). Similarly, wheel-running activity of unted controls (25,983 £ 566; mean for the

whole experiment) did not significantly differ froboth other groups during pregnancy.

T
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Fig. 4 Wheel-running activity of (a) a non-reproductiwaale, (b) a dam that cannibalised all young wi¥n
hours, and (c) a dam that weaned 4 out of 7 pupssé€tutive days (24 h) are depicted one belowtther.oThe
black bar at the top represents the dark phases Dayarturition are indicated by an arrow. Occuecee of

cannibalism is shown by asterisks
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Discussion

The present findings show a remarkable effect ek fRW access on reproduction in
Djungarian hamsters. In both breeding pairs andylgirkept dams with RW access,
reproductive outcome was reduced irrespective gifting conditions (natural or artificial
long photoperiods) and ;T(natural or constant). Litter sizes at birth weret affected
compared to sedentary controls, but exercising teas&xhibited a clear tendency towards
infanticide. Furthermore, the present results gfiypimdicate that free access to a RW may
prevent reproduction.

It is important to note that the incidence of irtfeidle was not entirely restricted to RW
hamsters. Cannibalism of single pups occurredial®oeeding pairs without access to a RW,
even though much more scarcely compared to exegcianimals. Moreover, only RW
hamsters cannibalised entire litters (exp. 1, Zh3n A similar behaviour has been observed
in house mice that were forced to run for food (iger 1987); whether female mice
cannibalised entire litters soon after parturitimnonly reduced the number of pups was
dependent on energetic demands of increased ‘fuyafiiev./pellet). In the third experiment
of this study, females that killed the whole liti@lter parturition did not run significantly
more during the last half of pregnancy comparefétaales that weaned at least some of their
offspring. This might have been due to individualifferent susceptibility to wheel running-
induced effects as already indicated by previoudiss (Scherbarth et al. 2007, 2008).

These previous examinations revealed that runmegcese induces weight gain (lean mass)
and skeletal growth. In accordance with the augat@m of lean mass, elevated body weight
of exercising hamsters was not associated witmarease in the plasma leptin concentration
(Scherbarth et al. 2007), which is known to be tpady correlated with the amount of fat
stores (Klingenspor et al. 2000). Thus, in the gméstudy, the exercise-induced anabolic
effect together with a decrease in the proportibrbady fat might have contributed to
unfavourable energetic preconditions for succesbi@eding. Furthermore, the adipose-
derived hormone leptin represents an important Inoditasignal to theeproductive system.
Since leptin stimulates hypothalamic secretionafaglotropin-releasing hormone (GnRH), a
decrease in circulating leptin and thereby GnRHetem might have inhibited reproductive
function (for review, see Popovic and Casanueva2R08peculation about leptin being
involved in observed effects of wheel running oprogluction is strongly supported by recent
observations in Djungarian hamsters (French et28D9), these providing convincing
evidence that maternal investment is closely caaewith the concentration of circulating
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leptin. Leptin treatment in pregnant hamsters teduh larger litters and suppressed maternal
infanticide compared to vehicle-treated pregnantrods. Thus, leptin appears to be a crucial
factor for energy allocation in favour of reprodoaot Future examinations, therefore, should
include measurement of blood leptin concentrations.

Surprisingly, RW pairs in experiment 1 (natural p@riod) gave birth to and weaned more
pups compared to breeding pairs with a released iRV¢xperiment 2 (artificial long
photoperiod). This might be explained by additiosta¢ss, since offspring and adult hamsters
were weighed much more frequently in experiment~@rthermore, only hamsters kept
outdoors had access to a wooden nest box, whitkely to be a stress-reducing factor for
burrow-dwelling hamsters.

Analysis of wheel-running activity in singly keperhales (experiment 3) revealed that the
number of rev./day was similar in unmated contiaisl mated animals during pregnancy.
However, compared to a slight decrease in whealingnof females that cannibalised their
pups, the dams that successfully weaned some wifspad shown a striking drop in the
number of rev./day (by about 80%) at the day oftysaion. Lactating dams gradually
increased rev./day afterwards and returned to papalevels around day 14 (postpartum),
when the young were not completely dependent ok amlymore. This described pattern of
wheel-running activity is very well in accordancethwobservations in a previous study
(Scribner and Wynne-Edwards 1994b), where femateskers not only consistently exhibited
the temporary reduction in wheel running, but amsariably weaned their offspring. That
indicates that the reduction in voluntary exerdseof energetic relevance for successful
breeding. However, the reason for the differentematl behaviour of three females in our
study (cannibalism of the whole litter and high wherinning activity) remains unclear.
Collectively, wheel-running behaviour considerabiypaired reproductive outcome in
Djungarian hamsters. Exercising animals, i.e., direge pairs as well as solely kept dams,
showed a clear tendency towards a higher incideh@annibalism compared to sedentary
controls. The findings suggest infanticide to beearrgetic adjustment of the females, which
has been demonstrated before in other rodent spéweording to this, maternal responses to
an additional energetic burden during reproduciioseasonal Djungarian hamsters appear to
be comparable to those of house mice. Howevehdhesters were neither food-restricted nor
forced to run in the present study. Thus, an erierdeficit as reason for maternal infanticide
in exercising females would highlight the pronouhaeeotivation to run in a wheel. A high
motivation, in turn, is well in accordance with thgpothesis that wheel-running activity is

self-reinforcing and perceived by animals as ‘imt@ot (Sherwin 1998). Nevertheless, it is
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still not known whether wheel running is merelyaatefact of captive environments or of the

RW itself, or whether it represents a natural behay even though considerably enhanced.
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Abstract

The Djungarian hamster is a seasonal mammal thagndby changing photoperiod, adapts
physiologically to changing environmental condisonPrevious studies revealed that
voluntary exercise in this species seems to intervgth the mechanisms that regulate the
seasonal body weight cycle and energy expenditarshort days (SD), access to a running
wheel (RW) reverses the seasonally programmed a&erien body mass and hamsters gain
weight. In this study, we investigated the influenof wheel-running activity on the
expression of photoperiodically regulated genethéhypothalamic arcuate nucleus (ARC),
which is known to be involved in energy balanceutagon. We could show that the
expression of neither orexigenic [neuropeptideNgy) and agouti-related proteidgrp)] nor
anorexigenic [proopiomelanocortinPgmc) and cocaine- and amphetamine- regulated
transcript Cart)] genes seems to be involved in the body weight gaexercising hamsters.
However, there are some hints indicating that egeria SD might stimulate the melanocortin
pathway via POMC-derived-melanocyte-stimulating hormone-MSH). Additionally, we
found increased secretory processes in the dorsaliainposterior ARC (dmpARC) of
exercising hamsters, indicated Mgf (nonacronymic) gene expression. Furthermore, via
guantification of somatotropin release-inhibitingctor &if) gene expression we provide
evidence that exercise-induced growth contributeghe increase in body mass. However,
guantification of photoperiodically regulated gesmeression of G-protein-coupled receptor
50 Gpr50) and genes of the thyroid system revealed that dbetral perception of
photoperiod is likely to be unaffected by voluntaxercise. Thus, further mechanisms that

are involved in the weight gain of SD-RW hamstersain to be elucidated.

Introduction

In the course of a year, photoperiod changes ghgdumlatitudes above and below the
equator; from long day lengths (LD) in summer to @Dwinter. This robust environmental
signal allows animals to anticipate the forthcomisgason and to undergo seasonal
acclimatizations to ensure survival.

In mammals, photoperiodic information is perceimdthe retina that sends information via
the retinohypothalamic tract to the suprachiasnaiei (SCN). The rhythmic output of this
circadian oscillator is conveyed to the hypothataparaventricular nuclei (PVN), which
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transfer the information via a multisynaptic patlyvweand the sympathetic nervous system to
the pineal gland (for review, see Bartness and W&@85b). Within the pineal gland, neural
information is transformed into a hormonal sigialring the night, the hormone melatonin is
synthesized and secreted into the blood and cesgimal fluid (CSF) as light inhibits
hormone synthesis in pinealocytes. Consequentéyntalatonin peak is positively correlated
with the night length. The endocrine signal actshie brain and in tissues where melatonin
receptors are expressed and induces a cascadecekpes leading to seasonal physiological
alterations (for review, see Bartness et al. 2002).

A robust animal model to study seasonal physiolisgthe Djungarian hamstePljodopus
sungorus, also known as Siberian hamster) a native spdoiegestern Siberia and eastern
Kazakhstan where large seasonal changes in foathlality and temperature occur. This
species undergoes a number of physiological adapsato survive the harsh conditions of
winter it experiences in its natural habitat. Tha@sgdude a moult to a whitish and well-
insulating winter pelage (Heldmaier and Steinlecht@81a, Kuhlmann et al. 2003), shallow
daily torpor (a state of hypometabolism and hypotii@) (Heldmaier and Steinlechner
1981b), gonadal regression and a reduction of Imoays over a 12 to 16 week period during
the autumn-winter period (Hoffmann 1973, Steinlemhet al. 1983). These SD-induced
responses result in decreased energy expendiaghecing the requirement for food intake in
winter when many food sources are restricted (Heldmet al. 1982, Heldmaier and
Steinlechner 1981a, b, Knopper and Boily 2000).

The mechanisms underpinning appetite, energy mktab@nd body weight regulation in
seasonal mammals is not yet understood. Howeverd fimtake and energy balance
mechanism are regulated centrally by the brain. &l @escribed brain area, known to be
involved in appetite and energy balance regulai®rthe hypothalamic arcuate nucleus
(ARC), whose major function is the integration adripheral nutritional signals in the
homeostatic regulation of body weight. The printipauropeptides involved in appetite and
energy balance homeostasis are expressed andeselsyedrexigenic (hunger inducing; NPY
and AGRP) and anorexigenic (satiety inducing; POMM@ CART) neurons. Changes in gene
expression and balance between these neuropeidd®y element involved in maintaining
an appropriate body weight at which these peptides viewed as components of a
compensatory system (for review, see Morgan andcéte2001). Therefore, as a result of
starvation the orexigenic peptides NPY and AGRPease, whilst anorexigenic POMC
decreases (Mercer et al. 1995, 2000).
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Furthermore, several scientists have pursued #hifetation of photoperiodically regulated
genes in the hypothalamus of Djungarian hamsteeseRtly, a sub-region of the ARC with a
photoperiodically differential gene expression \djf (nonacronymic) has been identified
(dmpARC) (Barrett et al. 2005). VGF is assumed e@artvolved in the regulation of energy
expenditure and reproduction and is activated endimpARC in SOHahm et al. 1999, 2002,
Salton et al. 2000).

Another important regulatory circuit of body weight the brain includes thyroid hormone
(T3/Ty) that is known to regulate seasonal energy expanedin Djungarian hamsters (Barrett
et al. 2007). The production of thyroid prohormdig; thyroxine) in the thyroid gland is
controlled by thyrotropin-releasing hormone (TRHpguced in the PVN. TRH neurons
project to the median eminence (ME) wherefrom TRiches the anterior pituitary gland.
Here, TRH induces the secretion of thyroid stiminahormone (TSH), which, released into
the blood, stimulates4Iproduction in the thyroid gland4Enters the brain across the blood-
brain barrier and through the CSF and is transgarteahe ME and ARC via astrocytes and
tanycytes lining the "3 ventricle. In the latter glial cells,»Ts activated by type 2 deiodinase
(D102) which converts Fto active T. Ts uptake into cells of the ependymal layer of tffe 3
ventricle is facilitated by the monocarboxylatensporter 8 (MCT8) (Friesema et al. 2003,
Heuer et al. 2005, Visser et al. 2008). Its gen@ession is regulated photoperiodically and is
increased in SD leading to an increasedransport into the brain (Herwig et al. 2009). The
actual level of active in the hypothalamus is regulated by the intratally localized
enzyme type 3 deiodinase (DIO3) in the ependymgrlawhich converts Jto inactive
reverse T (rTs), or T3 to T.. Gene expression @io3 is also regulated photoperiodically,
showing an upregulation in SD and thus leadingrtaweerall decrease in hypothalamig T
concentrations, which is important for initiatiof the SD catabolic state (for review, see
Herwig et al. 2008).

Another gene, whose expression is regulated photapeally in the ependymal layer of the
3" ventricle in the Djungarian hamster is the orpl@uprotein-coupled receptoGpr50).
Gpr50 mRNA expression is down-regulated in SD hamstemspaoed to LD (Barrett et al.
2006). It belongs to the melatonin receptor sublfignalthough it does not bind melatonin
(Reppert et al. 1996). This receptor is localisedanycytes lining the "B ventricle of the
hypothalamus, at the border between the ventrich&#, portal blood system of the ME and
the hypothalamic neuropil, suggesting a role in ribgulation of the hypothalamo-pituitary
axis (Drew et al. 2001, Sidibe et al. 2010).
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Furthermore, growth is regulated by two importaotnmones that are both expressed in the
ARC. The stimulatory growth hormone-releasing hammoGHRH) and the inhibitory
somatotropin release-inhibiting factor (SRIF) reogally regulate the release of growth
hormone (GH) from the anterior pituitary (for rewiesee Miiller et al. 1999). To date, only a
few studies examined the influence of photoperiad growth in juvenile Djungarian
hamsters. Based on low body mass and fat massngecied by reduced gonadal weight in
SD compared to LD hamsters, the authors assumethibaspecies inhibits growth in winter
(Adam et al. 2000, Ebling 1994).

However, the above described photoperiodically ledgd and balanced circuits seem to be
disturbed once Djungarian hamsters have free ataessunning wheel (RW). They increase
body weight independent of photoperiod and themsedycle of body weight regulation is
apparently lost. Furthermore, regression of thieegsewas shown to be impeded and torpor did
not occur in voluntarily exercising Djungarian haens (Scherbarth et al. 2007, 2008).

The aim of the present study was to investigaterablecular level, whether voluntary wheel-
running activity modulates the perception of theotpperiod or whether it overrides
mechanisms for the initiation of the SD catabotatesin Djungarian hamsters. Therefore, we
examined the expression of several genes involvesthort-term regulation of energy balance
and long-term seasonal body weight adaptation enhypothalamus of hamsters kept in LD

and SD with and without access to a RW.

Materials and Methods

Animals and tissue collection

Djungarian hamsters were bred and raised undeturahghotoperiod and natural ambient
temperatures in Hannover, Germany (52°N latitudégter and food (hamster breeding diet,
Altromin 7014, Lage) were availabbal libitum, supplemented weekly by a piece of apple
before the start of the experiments. Three experisneere conducted consecutively on adult
male hamsters that were divided into four weightamed groups. The experiments lasted
either eight or twelve weeks. Hamsters kept in Lidtpperiod were exposed to a light-dark
cycle of 16 h of light and 8 h of darkness and hamssn SD photoperiod were exposed to a
light-dark cycle of 8 h of light and 16 h of darlsse Dim red light (< 5 Ix) was provided
during the dark phase in both photoperiods. Irrethpe of the photoperiod, animals were kept

at 21 + 1 °C. In each experiment, six hamstersivedea RW (@ 14.5 cm) and were kept in
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LD (LD-RW group). Further six animals stayed in Liithout a RW (LD-C). Twelve
hamsters were transferred to SD. Six of them recesr RW (SD-RW) and six represented
the sedentary control group without a RW (SD-C)lwitary wheel-running behaviour in
both RW groups was monitored continuously and dteneery 6 min on a PC. Body weight
was registered twice a week in all experiments.dHotake was measured in the 12 weeks
experiment by weighing the rack weekly for calcliatof differences in the amount of food.
Animals were culled with carbon dioxide at the efithe experiments, 3-4 h after lights went
on. Brains were immediately dissected, frozen oy ide and stored at -80 °C for later
procedure ofn situ hybridizations. Whole animal bodies (without bsinf the first 8 weeks
experiment were stored at -80 °C and lategwed hamster carcasses were individually
scanned by magnetic resonance imaging (MRI) (Ecliil W, Whole Body Composition
Analyser, Echo Medical Systems, Houston, Texas§lyBmomposition data were obtained as

grams fat or lean tissue.

Riboprobes

Riboprobes complementary to fragments of the regudNA sequences were generated from
Djungarian hamster, mouse or rat brain cDNAs byAROR as described previously [Adam et
al. 2000 Cart), Barrett et al. 2005\gf), Barrett et al. 20070002, Dio3), Drew et al. 2001
(Gpr50), Ebling et al. 2008T(rh), Herwig et al. 2009 Mct8), Mercer et al. 1995Npy),
Mercer et al. 2000Agrp, Pomc), Ross et al. 200K(if)]. Templates for riboprobe synthesis
were generated by PCR amplification of the insestnf plasmid DNA. M13 forward and
reverse primers which spans both insert and polgseetranscription binding and initiation
sites in the host vectors were used. One hundreaf PR product were used in anvitro
transcription reaction with T7, T3 or SP6 polymesass appropriate in the presencé®st
uridine 5-triphosphate (Perkin-Elmer, Buckinghameshi UK) for radioactivein situ
hybridization.

In situ hybridization

Coronal sections of the hypothalamus (14 um thredge collected onto two sets of 12 glass
slides for the ARC and PVN region, respectively.jadgnt sections were mounted on
consecutively numbered slides, permitting a nunalbenRNAs to be localised and quantified
in each brain.

In situ hybridization was carried out as described prewo(Morgan et al. 1996).
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Briefly, frozen slides were fixed in 4% PFA in O PBS, acetylated in 0.25% acetic
anhydride in 0.1 m TEA, pH 8. Radioactive probgm(aximately 186 cpm) were applied to
the slides in 70 pl hybridization buffer containia@ M NaCl, 10 mM Tris-HCI (pH 8), 1
mM EDTA, 0.05% tRNA, 10 mM DTT, 0.02% Ficoll, 0.02¢®lyvinylpyrrolidone, 0.02%
BSA and 10% dextran sulfate. Hybridization was @enied overnight at 58 °C. Following
hybridization, slides were washed in 4 x SSC (1SCSs 0.15 M NaCl, 15mM sodium
citrate), then treated with ribonuclease A (20 g 37 °C and finally washed in 0.1 x SSC
at 60 °C. Slides were dried and apposed to autmgesiphic Biomax MR film (Kodak,
Rochester, New York) for several hours to days.

In this study, we focus on analysis of mMRNA expi@ssin the 8 weeks experiments, since a
previous study showed thBio3 mRNA expression peaks at this time before a sulesgq
decline (Barrett et al. 2007). Onio2 gene expression was analysed from the second 8
weeks experiment (for body mass, see Figure 1 Gyveder, results of the first 8 weeks
experiment (for body mass, see Figure 1 B) werepawed with those of the 12 weeks

experiment, where we analysed the same gene ekpréssoth experiments.

Image analysis

Films were scanned at 600 dpi on an Umax scanrtegaantification was carried out using
Image J 1.37v software (Wayne Rasband, Nationdltutess of Health, USA). For each
probe, three sections spanning a selected regitimedfiypothalamus were chosen for image
analysis. Integrated optical density for each getecegion was obtained by reference to a
standard curve generated from the autoradiogrdf@ienicroscale (Amersham). An average
(with SEM) for the integrated optical densities fat sections of one animal and for all
animals in one group was calculated. The LD-C valas set to 100% expression and other

treatment values were calculated accordingly.

Satistical analysis

Statistical tests applied in this study were twor#dNOVA with photoperiod and activity as
factors. Differences revealed by two-way ANOVA weested with Student-Newman-Keuls
post-hoc test for multiple comparisons as appregri@igmasStat statistical software (Jandel)
was used, values are expressed as mean + SEMféerdmies were considered significant if
P< 0.05.
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Results

Body mass

In the course of the 12 weeks experiment, body nodshe SD-C group decreased and
showed a trajectory that significantly differedrfrahat of the SD-RW group after 8.5 weeks
(N =6 in each group; 33.1 £ 2.9 g vs. 41.5 £ 2.8rn@-way ANOVA with Student-Newman-
Keuls test; P < 0.05). Since then, two-way ANOVAwikd an overall effect of activity on
body mass in this experiment (two-way ANOVA; F 47%. P < 0.05). After 11 weeks, the
body weight of the SD-C group was significantlyfelient compared to all other three groups
(two-way ANOVA with Student-Newman-Keuls test; ®95). Comparison of week 0 and
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Figure 1: Mean body mass (g) of adult male Djungarian hamsstiuring a (A) 12 weeks or (B and C) 8 weeks
exposure to short day (SD) photoperiod (8:16 htidgrk cycle) or long day (LD) photoperiod (16:8dht-dark
cycle) with or without access to a running whee{)RIN = 6 (A and B); N = 7 (C) in each group). "D
significantly different vs. SD-RW (P < 0.05).
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week 12 revealed that the SD-C group lost ~11%odf/bmass, in contrast to a weight gain of
~23%, ~12% and ~20% in the SD-RW, LD-C and LD-RWupr, respectively (Figure 1 A).
Comparable results on body mass were found in Botheeks experiments. In the first
experiment (Figure 1 B), the SD-C group was sigaiitly different compared to all other
three groups in week 6 (N = 6 in each group; twg-ABIOVA with Student-Newman-Keuls
test; P < 0.05) and there was an overall effedatifvity in week 8 (two-way ANOVA,; F =
4.471; P < 0.05). Compared to the start of the exymnt (week 0), the SD-C group lost
~17% of body mass, whereas the other three groapsed weight (SD-RW ~8%, LD-C
~11% and LD-RW ~9%) in week 8. In the second 8 wesiperiment (Figure 1 C), the SD-C
group significantly lost weight compared to all @thhree groups from week 3 onwards (N =
7 in each group; two-way ANOVA with Student-Newmidauls test; P < 0.05) and since
then there was also an effect of activity on bodssn(two-way ANOVA,; F = 7.446; P <
0.05). In week 8, the SD-C group lost ~17% of bathss compared to week 0, whereas the
other three groups gained weight (SD-RW ~12%, LB6% and LD-RW ~14%).

Food intake

Added up over 12 weeks, hamsters in both RW grainasv a significantly increased food
intake compared to the SD-C group (LD-RW 66.0 +¢.4D-C 55.8 £ 1.3, SD-RW 65.9 +
4.0 g, SD-C 50.6 * 2.6 g, two-way ANOVA with Studétewman-Keuls test; P < 0.05).

Figure 2: Mean cumulative

70

—&— LD-RW /; food intake (g) £+ SEM of
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60| “e—sprw T/x B adult male Djungarian

hamsters during a 12 weeks
exposure to short day (SD)
photoperiod (8:16 h light-
dark cycle) or long day
(LD) photoperiod (16:8 h
light-dark cycle) with or
without access to a running
wheel (RW) (N = 6 in each
group). *, P < 0.05
compared to both RW

cumulative food intake in g

groups.
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There was also an effect of activity on cumulateddf intake after 12 weeks (two-way
ANOVA:; F = 14.999; P < 0.001) (Figure 2).

Body composition

After 8 weeks in SD, hamsters in the SD-C groumifigantly lost fat mass (~53%)
compared to the LD-C group (two-way ANOVA with Sand-Newman-Keuls test; P < 0.01)
and there was an effect of photoperiod on fat njases-way ANOVA; F = 6.356; P < 0.05).
Both RW groups showed values in-between the LD-@ &B-C values and did not differ
significantly from these two groups or from eacheast(Figure 3 A). Hamsters in both RW
groups slightly increased lean mass (LD-RW ~0.9%;RW ~1.2%) compared to LD-C
(effect of activity; two-way ANOVA; F = 6.934; P &.05) (Figure 3 B). There was also an
effect of photoperiod on lean mass (two-way ANOVAs= 5.274; P < 0.05) with the SD-C
group significantly decreasing lean mass (~17%) mamed to the other three groups (two-
way ANOVA with Student-Newman-Keuls test; P < 0.01)
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Figure 3: MRI scan results for (A) fat and (B) lean masp ¢fadult male Djungarian hamsters after 8 weeks
exposure to short day (SD) photoperiod (8:16 htidgrk cycle) or long day (LD) photoperiod (16:8dht-dark
cycle) with or without access to a running wheeMRNN = 6 in each group). Results show means + SEM.

< 0.05; #, P < 0.05 compared to other three groups.

Orexigenic/anorexigenic gene expression

Agrp, Npy, Cart andPomc mRNA expressions were assessedrbsitu hybridization. These
genes were expressed in the ARC of the hypothalaiiese was an effect of photoperiod on
Agrp gene expression (two-way ANOVA; F = 11.025; P @10.after 8 weeks due to the
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significantly increased gene expression in the LN-Ryroup (two-way ANOVA with
Student-Newman-Keuls test; P < 0.05). On the dthed, comparison of the LD-C and SD-C
group revealed no significant effect of photoperidd increase in the LD-RW group was not

apparent after 12 weeks, with no significant défeses between any groups (data not shown).
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Figure 4: Quantification of (A) agouti-related proteil\drp), (B) neuropeptide Y Npy), (C) cocaine- and
amphetamine- regulated transcrigfat) and (D) proopiomelanocortinPémc) mRNA expression in the
hypothalamic arcuate nucleus (ARC) of adult malerigarian hamsters after 8 weeks exposure to slagrt d
(SD) photoperiod (8:16 h light-dark cycle) or lodgy (LD) photoperiod (16:8 h light-dark cycle) withr
without access to a running wheel (RW) (N = 6 iolegroup). Results show means + SEM. The LD-C group
was set to 100% expression value and other treatusdmes were calculated accordingly. *, P < 085P <

0.05 compared to other three groups.

Neither photoperiod nor activity affectéddpy gene expression in the 8 weeks experiment
(Figure 4 B), which could be confirmed after 12 w&édata not shownfart mMRNA showed
a small but significant increase in SD (effect bbperiod; two-way ANOVA; F = 4.76; P <
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0.05) and the same result was found after 12 wéeas not shown). The LD-C group
differed significantly from SD-C after 8 weeks (tw@ay ANOVA with Student-Newman-
Keuls test; P < 0.05) (Figure 4 C). Photoperio@@BdPomc gene expression after 8 weeks
(two-way ANOVA; F = 7.364; P < 0.05), with the SDgtoup being significantly different
compared to LD-RW (two-way ANOVA with Student-NewmHKeuls test; P < 0.05) (Figure
4 D). Pomc gene expression in the SD-C group was furtheredesed after 12 weeks leading
to a significant difference compared to the othmred groups (two-way ANOVA with
Student-Newman-Keuls test; P < 0.05; data not shown

There was no effect of activity on any of the asaly gene expression for orexigenic and
anorexigenic peptides.

Photoperiodically regulated Sif, Vgf and Gpr50 gene expression
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Figure 5: Quantification of (A) somatotropin
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0 . .
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(LD) photoperiod (16:8 h light-dark cycle) with or
without access to a running wheel (RW) for 8 we@ks= 6 in each group). Results show means + SEM. Th
LD-C group was set to 100% expression value andrdtieatment values were calculated accordinglyp ¥

0.05; #, P < 0.05 compared to other three groupB;<€0.05 compared to both LD groups.
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Sif gene expression was measured in the ARC of thethglamus. Two-way ANOVA
revealed an effect of photoperiod (F = 50.7; PGOM) and activity (F = 6.1; P < 0.05) &nf
gene expression after 8 weeks. Both SD groups sigreficantly different from each other
and the LD groups (two-way ANOVA with Student-Newmrdeuls test; P < 0.01). The LD-
RW and LD-C group did not differ from each otheheTsame result was found after 12
weeks but there was only a trend for an effect aifvily on gene expression (two-way
ANOVA; F = 3.904; P = 0.062; data not showdyf was quantified in the dmpARC. After 8
weeks there was an effect of photoperiod (two-wa}ONVA; F = 20.383; P < 0.001) with the
gene expression being increased in both SD grollpre was also an effect of activity on
Vgf gene expression (two-way ANOVA,; F = 4.655; P < 0,0ich we did not find in the 12
weeks experiment (data not shown). In the 8 weaksyell as in the 12 weeks experiment,
gene expression in the SD-C group was significampyregulated compared to LD-C (two-
way ANOVA with Student-Newman-Keuls test; P < 0.0&, both experiments). G-protein-
coupled receptor 50Gpr50) mRNA expression in the ependymal layer of tffeventricle
was down-regulated in both SD groups comparedad_ih groups after 8 weeks (effect of
photoperiod, two-way ANOVA; F = 423.88; P < 0.00Eurthermore, gene expression in the
LD-RW group was significantly up-regulated compatedLD-C (two-way ANOVA with
Student-Newman-Keuls test; P < 0.05). We did not fa difference inGpr50 mRNA
expression between the LD-C and LD-RW group afterwieeks, but also an effect of

photoperiod (data not shown).

Gene expression in the thyroid system

Trh mRNA was expressed in the PVN. Photoperiod affegetk expression after 8 weeks
with an increased expression in both SD groups-(tag ANOVA; F = 11.578; P < 0.01).
Trh gene expression in the SD-C group increased by ~@2%pared to LD-C (Figure 6 A).
After 12 weeks, there was no difference between ghmups (data not shown). Gene
expression oMct8 was affected by photoperiod (two-way ANOVA; F =51948; P < 0.001)
but not by activity.Mct8 gene expression in SD was increased by ~150% cewhpga LD.
Dio2 and Dio3 mRNAs were expressed in tanycytes of the ependyayar lining the %
ventricle.Dio2 gene expression was not different between anlyeoftoups after 8 weeks and
Dio3 mRNA expression was only present in both SD grdeffect of photoperiod; two-way
ANOVA; F = 94.65; P < 0.001), which did not diffsignificantly from each other. Activity

did not influence any of the four examined genethefthyroid system.
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Figure 6. Quantification of (A) thyroid releasing hormon@&rlf) mMRNA expression in the paraventricular
nucleus (PVN) and (B) monocarboxylate transport@ét8), (C) type 2 and (D) type 3 deiodinagi@2 and
Dio3) mRNA expression in the 3rd ventricular tanycyedr of adult Djungarian hamsters. Hamsters wepe ke
8 weeks in short day (SD) photoperiod (8:16 h lightk cycle) or long day (LD) photoperiod (16:8idght-dark
cycle) with or without access to a running whedMRN = 6 in each group). Results show means + SEh.
LD-C group was set to 100% expression value andrdtieatment values were calculated accordinglyp §,

0.05 compared to both LD groups; +, P < 0.001 corthto both SD groups.

Discussion

Seasonal mMRNA expression of orexigenic and anoeeiggpeptides in adult Djungarian
hamsters was subject of several previous studidarfAand Mercer 2001, 2004, Jethwa et al.
2010, Mercer et al. 2000, 2001, Mercer and Tups32&&ddy et al. 1999). Our findings in
LD-C and SD-C groups are in agreement with thesults. Photoperiod did not affelSipy
andAgrp mRNA expressions, whereBsmc decreased andart mRNA expression increased
in SD (Figure 4). Former investigations revealealt theasonal regulation of body weight in
Djungarian hamsters is anticipatory and not asseti@ith compensatory changes in mRNA
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expression for orexigenic and anorexigenic peptidésnce, hamsters remain in energy
balance despite seasonal changes in food intakebady mass. In fact, orexigenic and
anorexigenic peptides seem to be involved in thalaedion of short-term energy homeostasis,
like in defence of weight loss due to food depiimat Thus, the hypothalamus seems to be
able to differentiate between short-term and sesdBoprogrammed body weight changes
(Adam and Mercer 2004, Jethwa et al. 2010, Mercal. 001, Reddy et al. 1999).
Significant energy expenditure will be requiredraintain continuous wheel-running activity
during the dark phase of the light cycle. Furtheenaadditional energy intake will be
required to meet the long-term increase in bodysntagse hamsters undergo over the
prolonged period of wheel-running activity. We #fere hypothesized that neuropeptides
involved in the homeostatic regulation of appetied energy balance would change to
facilitate an increased food intake. However, we dot find an effect of wheel-running
activity on orexigenic and anorexigenic gene exgogsin this study, which might indicate
that activity does not cause a short-term effectt Bis conclusion has to be considered
cautiously as the time point for brain collectioasn3-4 hours after the lights went on, while
hamsters have been active and were feeding duhiegdark phase. Ellis and coworkers
(2008) demonstrated a lack of a diurnal gene egpesprofile for orexigenic and
anorexigenic genes in the ARC of Djungarian hamsstmarresponding with the recent finding
that Djungarian hamsters do not display a sigmificgocturnal increase in total food intake
(Warner et al. 2010), which was misleadingly asslirbefore. Thus, the time point of
sampling might not have affected the level of mRE¥pression in our LD-C and SD-C
groups. However, due to the 3-4 hours time delahécactivity phase we might have missed
any acute effect of wheel-running activity on mREx¥pression levels.

Pomc mRNA expression was slightly increased in the SI-goup compared to SD-C after
8 weeks (Figure 4 D) and this effect was significemthe 12 weeks experiment (data not
shown). At first sight, downregulation &omc mRNA expression in the SD control group,
which would imply a decreased anorexigenic actisngounterintuitive and therefore this
phenomenon was further analysed. POMC is a neutidgeprecursor that undergoes
enzymatic post-translational processing. Helwig emaorkers (2006) showed an increase of
prohormone convertase 2 (PC-2) in SD, through whiciie precursor POMC is cleaved to
the active peptide-MSH, which then acts anorexigenic at the melanocdr receptor. In
animals of the SD-RW group in our study, an ince€lasxpression of precursor POMC might
lead to a further increase of the mature cleaviraglyct a-MSH, which subsequently may

cause a higher activity of the melanocortin systeith its catabolic actions. This molecular
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action remains speculative as we did not measwedslef PC-2 in this study. Furthermore,
this finding seems to be paradoxical, because SDdRWnhals significantly increased body
mass already after 8 weeks (~8-12%) and even niitenel® weeks (~23%) (Figure 1).
However, another gene expression that changed exnioitively by trend in response to
activity in this study isvgf (Figure 5 B). Gene expression \d§f has been shown to be up-
regulated in the dmpARC of Djungarian hamstersin & advance of seasonal changes in
physiology (Barrett et al. 2005, Nilaweera et ab02, Ross et al. 2005). Furthermore,
previous studies revealed that i.c.v. administratod a VGF-derived peptide (TLQP-21)
decreased food intake by stimulating satiety (Jetlt al. 2007). Herwig and coworkers
(2009) showed tha¥gf gene expression does not react to the short-tegnalsof starvation.
Therefore, VGF was assumed to contribute to thabodit state that induces the long-term
weight loss in SD. We could show an effect of agtion Vgf mRNA expression after 8
weeks with an upregulation in both RW groups, budlid not occur after 12 weeks. This fact
might demonstrate a time-dependent regulationvgif mMRNA in response to exercise.
Together withPomc, the upregulation (temporarily fovgf) of these coexpressed genes
(Hahm et al. 2002) might present a compensatonyorese of the energy balance system to
antagonise the increased body mass that deviat@stfre seasonal set point in RW hamsters.
However, the signal seems to be not strong enoaginfiuence body mass but it might
influence food intake. Interestingly, we found dfeet of activity on cumulative food intake
in both RW groups (Figure 2), although the absofatal intake in g per day in the SD-RW
group increased by only ~2% and not at all in tBeRW group (week 1 compared to week
12) (data not shown). In addition, comparison dditree food intake [(g/d)/body mass] at the
end of the 12 weeks experiment (data not shownyvetiono difference between all four
groups. Altogether, hamsters in the RW groups didimcrease their food intake as much as
one would expect in view of their body mass traect A similar discrepancy has been
reported by Scherbarth and coworkers (2008) comgdrD-RW hamsters with controls in
relative daily Q uptake (~27% increase) and relative daily foodket@-14% increase). They
concluded that exercising animals might improvéazatiion of nutrients compared to controls
and thus would be able to cope with less food. &unparison of the effectiveness of
digestion between exercising hamsters and conimolsD and SD revealed no difference
(data not shown). Thus, the phenomenon concerrond fntake still has to be resolved.
However, our study provides a hint that the lovatige food intake in exercising animals
compared to controls might be mediated by increasedexigenic action of the melanocortin

system, and increased VGF secretion of the dmpARE.fact thaPomc gene expression in
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the LD-RW group did not increase further might sate a maximum gene expression in the
ARC and/or the edge of measurable signalnsytu hybridization.

We measured a significantly increas@édrp mRNA expression in the LD-RW group
compared to LD-C after 8 weeks (Figure 4 A), bug #ffect was not existent after 12 weeks
(data not shown). This might reflect different respes of body mass to wheel-running
activity in both experiments. Body mass of the L/Ryroup shows an increasing trajectory
at the end of the 8 weeks experiment (Figure MBEreas it reached a plateau after 12 weeks
(Figure 1 A). On the other hand, we did not findsasociated upregulation Agrp mRNA in

the SD-RW group compared to SD-C after 8 weeksadeordance with a possible role of
AGRP in affecting food intake and body mass, we ld/@xpect an upregulation 8frp gene
expression in both RW groups. The differencéAgnp mRNA expression between LD-RW
and LD-C might also reflect an inaccuracy in thegeass of quantification. Mercer and
coworkers (2000) found an increaseAgrp gene expression in SD only in the rostral ARC,
whereas gene expression in other regions of the ARE not influenced by photoperiod.
Thus, the level oRAgrp gene expression seems to be dependent on thetiespERC region.

In the absence of an effect of wheel-running aistion homeostatic gene expression, our
second hypothesis proposed that wheel-runningigcthay affect gene expressions involved
in the photoperiodical regulation of body weighdrgcularly to facilitate a weight gain in SD-
RW hamsters.

Ebling (1994) and Adam and coworkers (2000) suggkst cessation of growth in SD
adapted Djungarian hamsters. We can confirm tlasltras we did not only find an effect of
photoperiod on fat mass (Figure 3 A), but alsoeanimass (Figure 3 B). Lean mass mainly
consists of bone and muscles and thus, the incredsan mass in LD-C hamsters compared
to SD-C can be attributed to growth. In 2007, Shgh and colleagues investigated the
influence of wheel-running activity on body compmsi in the Djungarian hamster. Dual-
Energy X-ray Absorptiometry (DEXA) measurement antsters kept outdoors under natural
T, and photoperiod revealed no difference in fat nmtsveen RW and control hamsters in
February (SD) despite the significant differencebody mass. After 8 weeks exposure to
artificial SD, we also did not find a difference fit mass between hamsters in the SD-RW
and SD-C group in this study (Figure 3 A). Howeuean mass in the study of Scherbarth
and colleagues (2007) was increased in the RW gwbjeh is also in accordance with our
study (~17% increase in the SD-RW group compareseC; Figure 3 B). Furthermore, on
radiographs of RW hamsters in the study of Schérkemd coworkers (2007), the vertebral
columns between head and pelvis were significaldhger compared to controls. In a
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following study (Scherbarth et al. 2008) elongdktiora in exercising animals were found,
giving another hint to exercise-induced growth. vi@fois regulated in the hypothalamus by
two contrarily acting hormones that stimulate (GHRét inhibit (SRIF) synthesis and
pulsatile release of GH from the anterior pituitayiand. We found an increased mRNA
expression ofxif in hamsters of the SD-C group compared to both tdugs (Figure 5 A).
Thus, secretion of GH is inhibited in the SD-C grpwhereas decreased inhibition in both
LD groups might allow growth. I&if gene expression in LD was at the lowest levelotihd
explain why exercise (LD-RW group) did not resuit a further decrease. These results
support the suggestion of growth being cessate8Dn In the SD-RW groupSif gene
expression was down-regulated compared to SD-C wailies lying inbetween the SD-C and
LD groups. Therefore, growth was significantly l@ssibited in the SD-RW group compared
to SD-C. Hence, on a molecular level, our resulisstantiate the hypothesis of a growth-
promoting effect through wheel running, which waswaned in previous studies for two
hamster species (Borer 1980, Borer and Kaplan 1B@ier and Kelch 1978 in the Syrian
hamster; Scherbarth et al. 2007, 2008 in the Djuagdamster).

The present results confirm an earlier report oatgberiodic regulation o6Gpr50 mRNA
expression in the Djungarian hamster (Barrett e2806). We also found decreased gene
expression in SD compared to LD. After 8 wee&pr50 expression was significantly up-
regulated in the LD-RW group compared to LD-C, vhigas not existent in the 12 weeks
experiment. In additionGpr50 mRNA was not up-regulated in SD-RW compared toGD-
Therefore, we assume that the significant diffeeebetween both LD groups might be an
artefact of expression analysis. Consequently, vesyme thatGpr50 mRNA expression
seems not to be affected by wheel-running actigityjlarly to the thyroid system.

Transport and activation of thyroid hormone in tingpothalamus were not impaired by
exercise. Accordingly, we concluded that photomkn@rception is not affected in wheel-
running hamsters. We did not find an effect of pipetiod on the hamster®io2 gene
expression, which is in accordance with previouslifigs (Barrett et al. 2007). On the other
hand, Herwig and coworkers (2009) found an incred&#02 mRNA expression in LD and a
decrease in SD after 8 weeks. They suggested adépendent change @fio2 mRNA to
explain the difference to the previous study. Hosvewur study also lasted for 8 weeks and
we did not find a difference iDio2 MRNA expression. In contrast, two studies showed
differing results inDio2 gene expression in Djungarian hamsters (Watanals. €004,
2007). The authors found an inductionb2 gene expression in hamsters in LD compared

to SD. However, in these studies hamsters were ikefD after weaning and for the LD
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group, hamsters were transferred to LD for two w8eétk a reversed experimental set-up (i.e.
hamsters were kept in LD and were transferred tdd8Ehe SD group)Pio2 expression was
also not affected by photoperiod. In fact, conaggnthe light regime, we designed our
experiments comparable to that of Herwig and cglies (2009) (i.e. hamsters were kept in
LD and were transferred to SD for several weekb@énSD group). Therefore, we assume that
the discrepancy in our results might present sedifice between the breeding colonies in
Hannover and Aberdeen. This assumption is suppdotedbur results forTrh mRNA
expression. We found an effect of photoperiodldmgene expression, being up-regulated in
SD compared to LD after 8 weeks (Figure 6 A). Saadf Ebling and coworkers (2008) and
Herwig and colleagues (2009) revealed no photogeab regulation offrh gene expression
in Djungarian hamsters of their breeding colony ttvety could show a role of TRH in short-
term homeostatic control of appetite and energyeedjure. However, the increase Tnh
gene expression in SD in our study might contridotelecreased food intake and increased
catabolism of fat stores in SD.

Summarised, we are able to confirm exercise-indugresvth in Djungarian hamsters at a
molecular level, probably contributing to the irse in lean mass and body mass in
exercising hamsters. Furthermore, there are somés hndicating that exercise might
stimulate the melanocortin pathway and secretooggsses in the dmpARC to compensate
for the increased body mass. However, via analgkithe gene expression of orexigenic
peptidesCart, the photoperiodically regulated ger@sr50 and genes in the thyroid system,
we could show that central perception of photogegeems not to be affected by voluntary
exercise. This result would be in line with thediimy that the change in fur colouration,
which is based on the level of the pituitary horeqgmolactin (Duncan and Goldman 1984,
Lincoln and Clarke 1994, Niklowitz and Hoffmann Bd8was similar in animals with and
without a RW (Scherbarth et al. 2007, 2008). Studie sheep indicated that prolactin
secretion from the pituitary might be independenthe hypothalamus but controlled by the
pars tuberalis (Hazlerigg et al. 1996, Lincoln &ldrke 1994). That would imply different
pathways for fur colour and energy balance regubatbut a recent study revealed that there
might be a role for the hypothalamus in fur coldiorain the Djungarian hamster (Dodge and
Badura 2004). However, these processes need furdsmarch in our animal model.
Collectively, further causes for the body weightrease in SD-RW hamsters remain to be
discovered. Consequently, in future studies, wéfadus on peripherally derived signals (for

example from muscle or liver) that might feed bdokthe brain, potentially overriding
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mechanisms for the initiation of SD traits and thilewing the weight gain in winter-adapted

Djungarian hamsters.
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Abstract

Djungarian hamstersPbiodopus sungorus) with access to a running wheel (RW) increase
their body mass in winter-like short days (SD),téasl of exhibiting the seasonally
programmed weight loss. Analysis of body compositioa previous study revealed an effect
of photoperiod and activity on lean mass. Lean ndssreased in SD control animals
compared to long day (LD) controls, but increase®D-RW hamsters. In the present study
we examined whether exercise-induced signals frenpperal skeletal muscle might affect
the mechanisms underlying seasonal body weightlaggn in Djungarian hamsters. Male
hamsters were kept with or without access to a RWdeu SD or LD conditions. After 12
weeks, the gastrocnemius muscle of the calf wadysedh for phosphorylation (i.e.
activation/inactivation) of AMP-activated proteininkse, acetyl CoA carboxylase,
serine/threonine kinase and p44/42 MAPK, whichaedl involved in myocyte metabolism. In
addition, serum concentrations of insulin and imslike-growth factor 1 (IGF-1) were
determined. Body mass increased in RW hamsters a@upto the controls, whereas
hamsters in the SD-C group reduced body mass ceaparLD-C. However, the results of
phosphorylated muscle enzymes and serum levelssofin and IGF-1 revealed neither an
impact of photoperiod nor activity. This might haween due to the fact that the time point of
killing in this study (3-4 hours after the lightent on) was not close enough to the nocturnal
exercise bout and thus, enzyme and hormonal camtiems probably recovered already to
baseline levels. Furthermore, activity intensitg &ood intake were not standardized, leading
to a large individual variability in measured pagdars. Further investigations are necessary
to clarify the hypothesis that wheel-running adgivand photoperiod might influence muscle
metabolism and thus provide signals that mightragiewith the mechanisms regulating the

seasonal body weight cycle in Djungarian hamsters.

Introduction

To survive in winter, when many food sources astrieed, Djungarian hamsterBhodopus
sungorus) need to save energy. Amongst others, this iseaeli by a reduction in food intake
and body mass in response to the shortening phidpieom summer to winter, resulting in
decreased energy expenditure (Heldmaier and Steimée 1981a). However, in hamsters

with access to a RW, the mechanisms underlyingotidy mass decline in SD seem to be
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disturbed. In contrast to SD controls, voluntamyercising hamsters in SD gain weight
(Scherbarth et al. 2007, 2008). In accordance witstudy of Klingenspor and coworkers
(2000), MRI scan data in a previous study (unpthlelisdata, see chapter 3) revealed not only
a decrease in body fat mass in SD control animaispared to LD controls, but also a
significant reduction of lean mass in SD. Moreodean mass increased in hamsters with
access to a RW in SD, thus contributing to theirgivegain. Lean mass mainly consists of
skeletal muscle that shows high plasticity to adapthanging functional demands. During
exercise, activity of metabolic enzymes, trans@ipt translation and post-translational
modification of proteins in myocytes can be modedatAltogether, skeletal muscle seems to
be an important organ to induce metabolic sigrias inight trigger physiological adaptations
at the whole body level (for review, see PedersehFebbraio 2008).

During exercise, a pivotal enzyme that elicits fameéntal adaptations of metabolism is
adenosine monophosphate (AMP)-activated proteiadar{AMPK) (for review, see Hardie et
al. 1998). The AMPK complex contains 3 subunitghwiea subunit being catalytic and the
B andy subunits being essential for forming the functla@mplex. The enzyme is a highly
conserved sensor of the cellular energy statusptays a role in systemic energy balance by
inhibiting anabolic adenosine triphosphat (ATP) suoming processes (synthesis of fatty
acids, glycogen and proteins) while activating loali@ pathways that are crucial for
generation of ATP (fatty acid oxidation, glycolysigucose uptake).

Activation of AMPK in skeletal muscle takes place iesponse to muscle contraction
(Hayashi et al. 1998, Hutber et al. 1997, Vavvaal.e1997, Winder and Hardie 1996) and an
associated increased cellular metabolic stressraupen the AMP/ATP ratio increases
(Corton et al. 1994, Hutber et al. 1997). In additio direct binding of AMP, AMPK is
activated via phosphorylation by an upstream king&®PK kinase). Important for
maintaining energy balance not only at the cellutart also at the whole body level appears
to be the involvement of several hormones in AMRRKulation (for review, see Towler and
Hardie 2007 and Velloso 2008). The white adipossue-derived hormones leptin and
adiponectin, that are known to play a critical raleregulating energy balance, can also
phosphorylate and thus activate the AMPK systeskaletal muscle (Minokoshi et al. 2002,
Tomas et al. 2002, Yamauchi et al. 2002). Furtheembormones like insulin and IGF-1
activate a pathway that can interact with AMPK (atidsed more in detail below).

In the signal transduction pathway of activated AMAPGC-1 [peroxisome-proliferator-
activated receptoy (PPAR y) co-activator-1] is activated. PGC-1 regulatesigcaiption

factors that are involved in controlling the exgiea of metabolic and mitochondrial genes
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and thus stimulates long-term effects on gene amdeip expression in mitochondrial
oxidative metabolism (for review, see Handschin Spaegelman 2006).

Furthermore, AMPK phosphorylates acetyl CoA carbasy (ACC) and thus inhibits its
activity (Vavvas et al. 1997, Winder and Hardie @I his results in decreased malonyl CoA
levels, disinhibiting carnitine palmitoyl transfeeal (CPT-1) that thereupon increases uptake
andp—oxidation of fatty acids in muscle mitochondriar(feview, see Ruderman et al. 1999).
AMPK also enhances skeletal muscle glucose upt&teud et al. 1984) by increasing
expression and translocation of the glucose tratesp&LUT-4 to the sarcolemma (Fryer et
al. 2002, Kurth-Kraczek et al. 1999, Ojuka et 80Q).

A different pathway that responds to exercise ameracts with AMPK is the insulin/IGF-1
pathway. The liver is the primary source of cirtm@ IGF-1 that mediates the effects of
pituitary growth hormone (GH). During and after mige, GH release from the pituitary
increases (Borer and Kelch 1978, Hartley et al.2)9vhich, in turn, increases the release of
hepatic IGF-1 and also induces the synthesis of1@tother tissues such as muscles (DeVol
et al. 1990, Turner et al. 1988). IGF-1 binds soréceptor (IGFR-1) that signals through the
phosphatidylinositol 3-kinase (PI3K)/Akt (sering&bnine kinase or protein kinase B)
pathway. Insulin also binds to the IGFR-1 and, esegly, IGF-1 binds to the insulin receptor
indicating shared activities. However, the plasnsliin level decreases during exercise while
insulin sensitivity in muscle increases (Bergealel979, Hartley et al. 1972).

The insulin/IGF-1 pathway induces glucose uptaka wicreased expression of GLUT-4
(Hayashi et al. 1998) and activates glycogen antepr syntheses (Cross et al. 1995, Gingras
et al. 1998) leading to muscle hypertrophy.

Through exercise and the receptor binding of imsule mitogen-activated protein kinase
(MAPK) signalling cascades are activated, too. Tinejude the extracellular signal-regulated
kinase 1 and 2 (ERK-1/2 or p44/42 MAPK), that assuaned to regulate glucose transport,
protein synthesis and gene expression by phosgtmnylof transcription factors in response
to exercise (Goodyear et al. 1996).

As protein synthesis in muscle, which is stimulatedthe insulin/IGF-1 pathway is an ATP-
consuming process, it is also negatively reguldtgdAMPK, probably by suppressing the
activity of Akt (Bolster et al. 2002).

On the one hand, AMPK and insulin/IGF-1 act videadiént pathways, but on the other hand,
both increase glucose uptake in muscle cells (Pktugl. 1984). However, both pathways
have distinct long-term effects on skeletal mugglecose: the release of insulin and IGF-1

increases storage of glucose (glycogen synthes@bddic), whereas glucose is oxidated
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through activation of AMPK (glycolysis; catabolicjhus, the net outcome in protein and

glucose synthesis or degradation depends on thendmlof both pathways (Towler and

Hardie 2007).

The aim of this study was to examine the phosphton of enzymes and serum hormone
levels involved in skeletal muscle metabolism irrexsing and control hamsters to achieve
further hints for signals being involved in the eesal of the body mass decrease of SD-RW
hamsters. In addition, our experimental set-upwalb us to analyse the influence of

photoperiod on these parameters, as MRI scan Hateesl that muscle mass was affected by

photoperiod, too.

Materials and Methods

Animals and tissue collection

Twenty-four male Djungarian hamsterBh¢dopus sungorus) were bred and raised under
natural photoperiod and ambient temperature in Baan Germany (52°N latitude). Water
and food (hamster breeding diet, Altromin 7014, djagvere availablead libitum,
supplemented weekly by a piece of apple beforesthg of the experiment. At the vernal
equinox (23 March) all animals were transferreartificial LD photoperiod with a light/dark
cycle of 16 h light/8 h darkness. At the age of45rionths the animals were divided into four
weight-matched groups of six animals each. Two gsatayed in LD and one group received
a RW (@ 14.5 cm) (LD-RW), the second group stay@étdout a RW (LD-C). Remaining two
groups were transferred to SD photoperiod withghtidark cycle of 8 h light/16 h darkness.
Like in LD, one group received a RW (SD-RW) and tlikeer one represented the sedentary
control group without a RW (SD-C). Hamsters wereghved twice a week and voluntary
wheel-running behaviour in both RW groups was nayed by recording wheel revolutions
on a PC.

Twelve weeks later, arranged over two days, thenalsi were killed 3-4 h after the lights
went on. Blood samples were taken and the gastnuasemuscle was dissected and frozen in

liquid nitrogen for subsequent Western blotting.

Muscle protein extraction
An electrical homogenizer was used to break dowa gastrocnemius muscle tissue
mechanically in 0.3 ml homogenisation buffer (50 mks-HCIl, 1 mM EDTA, 1 mM EGTA,
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1% Triton X-100) on ice. Protease and phosphatadebitors were added to the
homogenisation buffer to prevent digestion of thengle by its own enzymes. The tissue
homogenate was then shaken for 1 h at 4 °C andchaités centrifuged at 13,000 g and 4 °C
for 10 min. For determination of the total prota@mount, the supernatant was used to carry

out a Bradford assay.

Western blotting

Primary (AMPK a, Phospho-AMPKa, AMPK B, Phospho-AMPKB, ACC, Phospho-ACC,
Akt, Phospho-Akt) and secondary [horseradish pease (HRP)-conjugated] antibodies
were purchased from Cell signalling technology.

For gel electrophoresis, samples were diluted @ @Dprotein/30ul homogenisation buffer
including 10 ul 3x gel loading buffer (3.75 M Tris-HCI pH 6.8, 6%DS, 0.003%
bromophenol blue, 30% glycerol, 158emercaptoethanol). Samples were boiled for 5 min
and electrophoresed through a 4% stacking gel d@@®@aseparating gel (7.5% separating gel
for ACC and Phospho-ACC). A protein molecular weigtarker was electrophoresed at the
same time in the outer lane. To check for loadiiifgrnces, one test gel was stained with
Brilliant blue (20% methanol, 0.5% acetic acid,%,Brilliant Blue) and destained with 30%
methanol. In order to make separated proteins sitdesto antibody detection, they were
electrophoretically transferred to a polyvinylided#luoride membrane (PVDF, Millipore
Corporation, Bedford, MA, USA) in transfer buffe25 mM Tris base, 192 mM glycine,
0.05% SDS in 20% methanol). After transfer, blogkaf non-specific binding was achieved
by incubating the membrane for 1 h at room tempeeain blocking buffer [5% non-fat dry
milk in TBS (20 mM Tris, 140 mM NaCl, 0.1% Tween)R@&nd afterwards the primary
antibody (1:1000) was incubated at 4 °C overniglith vgentle agitation. After that, the
membrane was incubated with the HRP-conjugatednsiecy antibody (1:2000 in blocking
buffer) for 1 h and finally the membrane was indedawith chemiluminescent substrate
(LumiGlo Reagent and Peroxide, Cell signalling temlbgy). The light emission was
captured by exposure of the membrane to autoraapbgr Biomax MR film (Kodak,

Rochester, New York).

Image analysis

Films were scanned at 600 dpi on an Umax scanriegaantification was carried out using
Image J 1.37v software (Wayne Rasband, Nationstutes of Health, USA). The integrated
optical density for each blot was obtained by r&fiee to a standard curve and all values were
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corrected for protein loading differences. To corrr the amount of total protein on the

PVDF membrane, the ratio of phosphorylated prateiotal protein was calculated.

IGF-1 and insulin assay

Blood serum was obtained by centrifugation of eldtblood samples (10 min at 9000 g at
room temperature) and collecting of the supernatéhé circulating hormones IGF-1 and
insulin were measured using a mouse/rat specifitoimmunoassay kit (R&D Systems,

Quantikine, mouse/rat IGF-1; Mercodia, Rat insiibnlSA). Serum was diluted 1:1000 for

IGF-1 and was used undiluted for insulin. Both kitere validated for hamster serum by

applying a hamster serum dilution series, whoseegtan parallel to the standard curve.

Satistical analysis

Statistical tests applied in this study were twor#dNOVA with photoperiod and activity as
factors. Differences revealed by two-way ANOVA weested with Student-Newman-Keuls
post-hoc test for multiple comparisons. SigmaStatistical software (Jandel) was used,

values are expressed as mean + SEM and differeveresconsidered significant if€0.05.

Results

Body mass

After 8.5 weeks, there was an effect of activitybmay mass, with RW hamsters significantly
increasing their body mass compared to controlssRW 41.9 + 3.5 g; LD-C 39.2 + 1.4 q;
SD-RW 41.5 £ 2.3 g; SD-C 33.1 + 2.9 g; two way AN®W = 4.47; P < 0.05). Since week
11, the SD-C group significantly lost weight congzhto LD-C (SD-C 31.5 £ 2.9 g; LD-C
39.6 + 1.3 g; two way ANOVA with Student-Newman-Ketest; P < 0.05).

Phosphorylation of AMPK «, ACC and Akt

Phosphorylation of AMPK: did not differ significantly between the four exipeental groups
and we could not detect any phosphorylation for AMP There was a tendency for an effect
of photoperiod on ACC phosphorylation (two way AN®MW- = 4.08; P = 0.057), but groups
did not differ significantly. No difference betweetihe groups was found for Akt

phosphorylation.
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Figure 1: (A) Ratio of phosphorylated AMPK: to
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Figure 2: (A) Ratio of phosphorylated p44 to total p44 pintand (B) phosphorylated p42 to total p42 protein
in the gastrocnemius muscle of hamsters in all fxperimental groups. Djungarian hamsters were k@pt
weeks in SD (short day; 8:16 h light-dark cycle)L@r photoperiod (long day; 16:8 h light-dark cycleith or

without access to a RW (N = 6 in each group). Reslilow means + SEM.
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Two way ANOVA revealed an effect of photoperiod the p44 MAPK ratio (F = 4.38; P <
0.05), but groups did not differ significantly. TTeevas a tendency for an effect of activity on
the p42 MAPK ratio (two way ANOVA; F = 4.15; P =085), however, the four groups were

not significantly different.
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Figure 3: (A) Serum insulin (pg/l) and (B) IGF-1 levels (pd) in all four experimental groups. Djungarian
hamsters were kept 12 weeks in SD (short day; B:light-dark cycle) or LD photoperiod (long day;:8éh

light-dark cycle) with or without access to a RW#£M in each group). Results show means + SEM.

After 12 weeks, neither serum insulin levels noFiGlevels differed significantly between

the four groups.

Discussion

At the time of killing in our study, 3-4 hours aftiae light went on and thus during the resting
phase of nocturnal hamsters, we were not able tectany effect of wheel-running activity
on the level of phosphorylated enzymes in the gasetmius muscle. This was probably due
to the fact that enzyme phosphorylation was backsting level already.

To metabolically adapt to exercise, phosphorylaijactivation/inactivation) of enzymes in
skeletal muscle occurs very fast. For example, AM®HKctivated in the contracting muscle
within 5 minutes of the beginning of exercise (Wan&nd Hardie 1996), after 15 minutes

57



CHAPTER 4

with incubation of adiponectin (Tomas et al. 2002)within 10-20 minutes after electrical
stimulation of the ischiatic nerve (Hutber et abI® For ACC, Tomas and coworkers (2002)
showed that phosphorylation significantly increasafier 30 minutes of adiponectin
incubation and in the study of Hutber and colleagl®97) ACC activity decreased after 2-5
minutes of nerve stimulation.

However, enzyme phosphorylation levels return teebae level very rapidly after exercise,
when contraction-induced signals decrease and depboylation takes place. Tomas and
coworkers (2002) revealed that the level of actidaAMPK in muscle strips returned to
baseline after 1 hour of incubation with adiponectiowever, temporal resolution in this
study was rough, so an earlier decrease of AMPHviact between 30-60 minutes of
incubation, cannot be ruled out. Therefore, in otiséudies, the level of activated/
phosphorylated enzymes in muscle was measuredyagitdr an exercise bout (Rasmussen
and Winder 1997, Winder and Hardie 1996), or diyeafterin vitro stimulation of muscle
cells via an AMPK activator [5-amino 4-imidazolegaxamide riboside (AICAR)] or via
electrodes (Bolster et al. 2002, Hayashi et al819futber et al. 1997, lhlemann et al. 1999,
Kurth-Kraczek et al. 1999, Tomas et al. 2002, Vawtal. 1997).

For a general effect of photoperiod (LD vs. SD) the level of phosphorylated muscle
enzymes, the time point of killing might not haveeh as important as for the detection of an
effect of activity. Nevertheless, enzyme levels strengly dependent on the activity level
right before killing as short activity bouts of geal minutes might be sufficient to affect the
results (Winder and Hardie 1996). Unfortunatelythis study we did not record the activity
level of hamsters right before killing and thusiinduals might have been very active or, on
the contrary, asleep.

Another important factor that is known to influenosuscle enzyme phosphorylation is
exercise intensity. The greater the running speedhe force production generated by
contraction, the greater the activation of AMPKIgthann et al. 1999, Rasmussen and
Winder 1997). Hamsters in our study used their RMWamarily and the analysis of recorded
revolutions revealed a large variation in wheehing intensity between the individuals.

All the above mentioned factors might explain theyé individual variation in the results of
our experimental groups. Thus, to improve experialesonditions in future studies, the time
point of killing should be assessed directly afésercise. Furthermore, exercise intensity
should be controlled, e.g. by placing hamsters mtcdosed RW that rotates with defined

speed so that the hamsters are forced to run aedeimount of revolutions per time. In
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addition, sedentary control hamsters without acéess RW should be observed by infrared
motion detectors to be able to compare their inldigl activity quantitatively.

For analysis of serum insulin concentrations thergetical state before and during exercise is
important as insulin levels change according tamtlglucose levels. In our experiment, the
hamsters received foa libitum until directly before killing. Therefore, a schéeldior food
intake should be used in future studies to stanziartie time-lag between the last meal and
the time point of sampling. Nevertheless, resulightrhint at slightly increased insulin levels
in the SD-RW group compared to SD-C, although fimding was not significant. In obese
mammals that developed insulin resistance, elevpl@sima insulin levels can be found as
well. In these individuals, insulin-stimulated ghse transport and uptake is diminished in
glucose absorbing organs. As a consequence, tlal lglucose level is elevated and the
pancreas increases insulin secretion. But previbudies showed that exercising hamsters
increase their body mass without increasing fatsni&sherbarth et al. 2007). Furthermore, it
was shown that exercise counteracts insulin registaAn important role in this process plays
AMPK. In animal models of insulin resistance, AMRitivity was found to be low (for
review, see Winder and Hardie 1999). However, atitm of AMPK via AICAR or through
exercise training has been shown to effectivelyntenact insulin resistance via improved
glucose transport and fatty acid oxidation (Braetdal. 2010, Buhl et al. 2002, Iglesias et al.
2002, Kraegen et al. 1989). Thus, the developmieintsalin resistance in exercising hamsters
seems to be unlikely.

A previous study found decreased serum IGF-1 lewetsained rats that voluntarily used a
RW for 12 weeks, compared to untrained controls télsleas et al. 2004). However,
exercising individuals decreased their body maskthos the authors suggested that wheel
running may diminish anabolic stimuli in rats. Thgs in contrast to our findings in the
hamster where anabolic stimuli are induced throngkel-running activity, demonstrated by
an increased body mass. Thus, we would expectemated IGF-1 plasma level in our study.
However, the above mentioned unregulated experah@atrameters might have contributed
to the absence of an effect of wheel-running agtion serum IGF-1 levels. Like with insulin,
there might at best be a faint hint to slightlyvaked IGF-1 concentrations in the SD-RW
group compared to SD-C.

In conclusion, the results of this study do nobwlla statement about how wheel-running
activity and photoperiod might influence phosphatign of enzymes involved in muscle

metabolism and concentrations of plasma insulin i&f1. However, we could show that
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Western blotting, using above-mentioned antibodsegms to be an appropriate method to
detect defined enzymes in the gastrocnemius mo$@gungarian hamsters

In future studies, another factor that could belymea is interleukin 6 (IL-6). IL-6 is a
cytokine secreted by skeletal muscle (“myokinegttiitiates a signalling cascade similar to
that of leptin (for review, see Pedersen and Febl2@08). With highest increases of plasma
IL-6 in response to running, the peak occurs atetiek or shortly after exercise, when muscle
glycogen stores are depleted. IL-6 activates AMREKIIy et al. 2004), p44/42 MAPK and
PI3K (Al-Khalili et al. 2006) to increase glucosptake and fatty acid oxidation. Therefore,
IL-6 might represent another systemic signal wpgeer physiological adaptations at the whole
body level and thus it might be involved in the paodass response to photoperiod and wheel-

running activity inDjungarian hamsters.
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Abstract

The Djungarian hamstePkiodopus sungorus; also known as Siberian hamster) is a seasonal
mammal, exhibiting annual cycles of reproductiam, dolouration and body mass to adapt to
changing environmental conditions during the cowfsa year. Central mechanisms, induced
by changes in photoperiod-driven gene expressidhdrbrain, are expected to underpin the
seasonal physiological responses. Several prewstudies have investigated the temporal
expression of hypothalamic genes in hamsters tfeetransfer from long to short days (SD)
and the transfer back to long days (LD). Genes waggested to be involved in the seasonal
cycle of body weight if their expression was cotesis with physiological responses.
However, the temporal sequence of gene expressiamges has not been previously
investigated in Djungarian hamsters held in natptedtoperiod over the course of one year.
In this study, the pattern of hypothalamic expmssfor known genes proposed to be
involved in body weight regulation of the Djungaridamster restin, vimentin, type 2
deiodinase Dio2), type 3 deiodinaseD{o3), monocarboxylate transporter &1¢t8), Vof
(nonacronymic), somatotropin release-inhibitingtdadSif), G-protein-coupled receptor 50
(Gpr50) and cellular retinoic acid-binding protein @rpp-1)] were investigated in hamsters
held in natural photoperiod and ambient temperaiig¢ (Hannover, Germany; 52°N
latitude) for 12 months, spanning both winter andnser seasons. Changes in gene
expression were related to body mass determinedvéight measurements, and body
composition determined viemagnetic resonance imaginlyIRI) scanning. MRI scan data
revealed that primarily a change in fat mass, k&d & lean mass contributes to the seasonal
cycle in body mass. Gene expression data supp®ti¢iv thatnestin, vimentin, Dio2, Dio3,
Mct8, Sif, Gpr50 and Crbp-1 genes are involved in the SD-mediated loss in bodgs as
their expression changes prior to or in paralldghie body mass. The data are also consistent
with the view thatDio2, Mct8, Vgf and Sif genes might be involved in the mechanism of
photorefractoriness that underlies the increasbady weight from late winter and early
spring on. Furthermore, this result indicates thase gene expressions may be independent
of photoperiodically regulated morphological chamgétanycytes, since expression of genes
for filament proteins including nestin and vimenivere delayed compared to the increase in
body mass.
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Introduction

Most species living at higher latitudes reprodueassnally to adjust birth and rearing of
offspring to optimal environmental conditions. Rartarly a favourable climate and sufficient
food supply are important for survival of the yougwell known seasonal animal is the
Djungarian hamsteiPhodopus sungorus) that not only reproduces seasonally [long day)(LD
breeder; spring and summer], but also shows a sabsycle in body mass and pelage colour
(Figala et al. 1973, Hoffmann 1973, Schlatt et1#193). The mediator of season is the
humoral melatonin signal from the pineal gland. &fehin is synthesized and secreted only
during the night (Klein and Weller 1970). After teeammer solstice, when days are getting
shorter, the gradual prolongation of melatonin séen induces the moult to a whitish winter
fur, the decrease in body mass and gonadal regressphotosensitive Djungarian hamsters
(Darrow and Goldman 1985, Hoffmann 1979, Hoffmahale1986, Steinlechner et al. 1987).
However, the seasonal cycle of physiological adepta is not entirely in parallel to the
annual cycle of photoperiod. The Djungarian hami&eable to anticipate the reproductive
season in spring by developing photorefractorineshort days (SD; winter) (for review, see
Herbert 1989 and Prendergast 2005). Photorefraessi in this species describes a
spontaneous loss of responsiveness to the longtonalasignal in SD, the primary
environmental factor inhibiting reproduction. Wheamsters become photorefractory, they
exhibit spontaneous recrudescence (Hoffmann 1998),1Prendergast et al. 2006, Schlatt et
al. 1993) whereupon gonadal maturation starts iexéently and in advance of the
lengthening photoperiod. The increase in body naasisthe moult to brown summer fur are
closely connected with spontaneous recrudescerggiimgarian hamsters.

In experiments under natural photoperiod (Schenbettal. 2007, 2008), an increase in the
hamsters’ body mass is already observable thre&saadter the winter solstice. At this time
of the year, day length increased by about 32 ms\@t52°N). Furthermore, the weight gain
appeared 19-22 weeks after the body mass peak drAogust. Under artificial lighting
conditions, photorefractoriness occurs after a laimiime interval in SD (18-20 weeks)
(Gorman and Zucker 1995, Hoffmann 1978, 1979, Kaaff et al. 2003, Prendergast et al.
2000, Schlatt et al. 1993, Teubner et al. 2008 sTatpal. 2006a). These findings indicate that
not only under constant artificial lighting conditis but also under natural photoperiodic
conditions photorefractoriness is likely to underhe increase in body mass. However, in
experiments under natural photoperiod a modulatibnthe body weight gain due to the

slightly increasing day length cannot be ruled out.
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After spontaneous recrudescence, the reproductaatlye state remains indefinitely, if there
IS no subsequent change in photoperiod. Hamstgtsreea period of about 10-15 weeks in
LD to re-sensitize the neuroendocrine system, taldde to adapt to SD again (Bittman 1978,
Kauffman et al. 2003, Reiter 1972, Stetson et@r.7).

The mechanisms involved in the development of otfraness are unknown yet.
Nevertheless, it is assumed that the body weighh, gehange to summer fur and
recrudescence in spring occur as a result of thbility to read the SD melatonin signal,
either through a de-sensitization of the melataemeptor or a downstream signalling event
(Bittman 1978, Reiter 1972).

A major brain centre involved in the regulationbafdy weight is the hypothalamic arcuate
nucleus (ARC) and a number of photoperiodicallyutatgd genes in the ARC of Djungarian
hamsters have been identified in previous studBesrétt et al. 2005, 2006, 2007, Drew et al.
2001, Herwig et al. 2009, Ross et al. 2004, 2005hese experiments, hamsters experienced
artificial photoperiod transitions from summer-likd to winter-like SD photoperiod and
subsequently back to LD. Gene expression in the MRE investigated after 8-14 weeks in
SD when body mass had decreased and at 2, 4 am@l&after returning to LD by which
time an increase in body mass and testicular resaehce had occurred. If differential gene
expression between both groups occurred ahead parailel with the weight change, the
corresponding gene was suggested to be involvedhén mechanism underlying the
photoperiod-mediated change in body weight.

In this study, two groups of male Djungarian hamssexperienced the transition from winter
to summer and vice versa under natural photopearatl ambient temperature T In the
course of one year, we examined the hypothalanpecession of photoperiodically regulated
genes that are assumed to be involved in the régilaf the seasonal body weight cycle. Via
comparison of the seasonal body mass cycle witle gapression in the winter to summer
transition (photorefractory hamsters) and summerwiater transition (photosensitive
hamsters), we are able to provide further supmrgéne expression changes underlying the

seasonal cycle in body weight.
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Materials and Methods

Animals and tissue collection

Djungarian hamsterg>fiodopus sungorus) were reared under natural photoperiod and natural
Ta (Hannover, Germany; ~52°N latitude). They weretlsapgly in polycarbonate cages (20.7
x 14 x 26.5 cm) and supplied with breeding dietti@hin 7014) and tap wated libitum,
supplemented by a slice of apple once a week. Gages provided with wood shavings and
tissue for nest building.

This study contains two experimental parts. In pag, hamsters were sacrificed in the course
of one year from winter (January, SD) to summengJuD). A total of 62 male hamsters,
born under natural photoperiod anglfiom March to July 2008, were killed every 2-4 ke
(N = 6-7) starting from January 2009. Corresponlinthese animals had experienced one
winter and were at the age of 9-13 months at thpa@ive time point of killing. In the second
experimental part, 42 male hamsters were sacrificgohg the transition from summer (June,
LD) to winter (December, SD). All animals were baratside, from March to April 2009.
Seven animals were killed every 4-6 weeks staitingune 2009 until December. They were
3-9 months of age when they were culled 3-4 hikedab sunrise. All animals were weighed
weekly throughout the experiment.

For experimental controls, twelve male hamsters) baitside from March to July 2008, were
transferred to an artificial light-dark cycle of bh6of light and 8 h of darkness [LD; dim red
light (5 lux) during the dark phase] at 20 £ 2 °Citee equinox in March 2009. Thus, these
hamsters had experienced one winter outside. Bighks later, six hamsters were transferred
to an artificial light-dark cycle of 8 h of lightd 16 h of darkness (SD; SD-C). Remaining six
individuals stayed in LD (LD-C). After twelve weekat the age of 11-17 months, all
hamsters were killed 3-4 h after lights on.

Hamsters were killed with carbon dioxide. Braing@venmediately dissected, frozen on dry
ice and then stored at -80 °C for later proceddrencsitu hybridizations. Whole animal
bodies(minus the head) were sealed in plastic bags mudstored at -80 °C. Latesealed
carcassesvere thawed and heated to 37 °C before being iohaiy scanned by magnetic
resonance imaging (MRI) (Echo MRI ™, Whole Body Gusition Analyser, Echo Medical

Systems, Houston, Texas).
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Riboprobes

Riboprobes complementary to fragments of the requdNA sequences were generated from
Djungarian hamster, mouse or rat brain cONAs byAROR as described previously [Drew et
al. 2001 Gpr50), Ross et al. 2004Cf¢bp-1), Barrett et al. 2005\Mgf), Barrett et al. 2006
(nestin), Barrett et al. 200700i02, Dio3), Ross et al. 2009(if), Herwig et al. 2009Mct8,
vimentin)]. Templates for riboprobe synthesis were gendréie PCR amplification of the
insert from plasmid DNA. M13 forward and reversénmrs which spans both insert and
polymerase transcription binding and initiationesitin the host vectors were used. One
hundred pg of PCR product were used inravitro transcription reaction with T7, T3 or SP6
polymerases as appropriate in the presencé®iuridine 5-triphosphate (Perkin-Elmer,

Buckinghamshire, UK) for radioactiva situ hybridization.

In situ hybridization

Coronal sections of the hypothalamic ARC region {4 thick) were collected onto a set of
12 glass slides. Adjacent sections were mountezbasecutively numbered slides, permitting
a number of mMRNAs to be localised and quantifiedaoh brain.

In situ hybridization was carried out as described prewo(Morgan et al. 1996).

Briefly, frozen slides were fixed in 4% PFA in Om PBS, acetylated in 0.25% acetic
anhydride in 0.1 m TEA, pH 8. Radioactive probgsptaximately 16 cpm) were applied to
the slides in 70 pl hybridization buffer containia@@ M NaCl, 10 mM Tris-HCI (pH 8), 1
mM EDTA, 0.05% tRNA, 10 mM DTT, 0.02% Ficoll, 0.02¢®lyvinylpyrrolidone, 0.02%
BSA and 10% dextran sulfate. Hybridization was @enied overnight at 58 °C. Following
hybridization, slides were washed in 4 x SSC (1SCSs 0.15 M NaCl, 15mM sodium
citrate), then treated with ribonuclease A (20 |l)gal1 37 °C and finally washed in 0.1 x SSC
at 60 °C. Slides were dried and apposed to autmgeaaphic Biomax MR film (Kodak,
Rochester, New York) for several hours to days.

Image analysis

Films were scanned at 600 dpi on an Umax scanrtegaantification was carried out using
Image J 1.37v software (Wayne Rasband, Nationdltutss of Health, USA). For each
probe, three sections spanning a selected regitinedfiypothalamus were chosen for image
analysis. Integrated optical density for each $etecegion was obtained by reference to a
standard curve generated from the autoradiogrdfi@ienicroscale (Amersham). An average
(with SEM) for the integrated optical densities fat sections of one animal and for all
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animals in one group was calculated. The highelsievaf one group in an assay was set to
100% expression value, and other treatment valees valculated accordingly.

Satistical analysis

The body mass peak (P) in the transition from witbesummer was defined as the highest
group average value and body mass nadir (N) irtréresition from summer to winter as the
lowest group average value. These values were tasedmpare body weights at other time
points for the determination of body weight changer lean mass, fat mass and gene
expression, points in time corresponding to P awéte indicated as p and n, respectively.
Similarly, all other values determined for body gmsition and gene expressions were
compared with these defined reference points. Ulirgmethod we were able to determine
whether lean and fat mass or gene expressions etigngr to or later than total body mass.
Statistical tests applied in this study were ong-wWdNOVA with Student-Newman-Keuls
post-hoc test for multiple comparisons where appatg Furthermore, for the comparison of
gene expression between both control groups weeapptest or, where normality test failed,
Mann-Whitney-U-test. SigmaStat statistical softwa@andel) was applied, values are

expressed as mean + SEM and differences were aadidignificant if K< 0.05.

Results

Body composition

Djungarian hamsters significantly increased bodyssnduring the course of the transition
from winter to summer, reaching statistical sigrafice from April onwards [week 17 post
winter solstice (WS)] relative to the body weiglatdir (N; 32.4 + 1.0 g) in February (week 8
post WS) (one-way ANOVA, P < 0.05) (Figure 1A). beand fat mass significantly
increased in March (week 12 post WS) relative {&-ebruary) (one-way ANOVA, P < 0.05
for lean and fat mass). That is 5 weeks prior ® ititcrease in body mass. Regarding the
transition from summer to winter, body mass wasificantly lower from October onwards
[week 17 post summer solstice (SS)] relative tolibhey weight peakR; 38.0 + 1.6 g) in July
(week 5 post SS) (one-way ANOVA, P < 0.05) (Figird. Lean and fat mass decreased in
parallel to the body mass and were significantfyedent top (July) from October as well

(one-way ANOVA, P < 0.05 for lean and fat mass).
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Figure 1: (A) Body mass
50-A P of male Djungarian
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p or n, respectively.
(B) Body mass and corresponding lean and fat metesrdined by MRI scan in two groups of male Djureyar
hamsters, kept in artificial LD (16 h of light aBch of darkness; LD-C) or SD (8 h of light and 16fldarkness;
SD-C) conditions at 20 £ 2 °C for 12 weeks. *; P.85.

Body mass between the two experimental groups igagisantly different in June (~1 week
before the SS) (winter to summer vs. summer toexjt2.9 £ 0.9 g vs. 33.4 + 1.7 g; t-test; P
< 0.01) as well as absolute lean mass (winter tonser vs. summer to winter, 27.8 £ 0.6 g
vs. 21.5 £ 0.6 g; t-test; P < 0.01). Only absofatemass was similar in both groups in June
(winter to summer vs. summer to winter, 7.4 + 0.8sg6.1 + 1.0 g). Body composition in

percentage of total body mass was not significadifferent between both groups at this time
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(winter to summer: lean mass ~65%, fat mass ~1t¥aneer to winter: lean mass ~65%, fat
mass ~18%).

Body mass and absolute fat mass in the LD-C andCSipeup did not differ significantly
after 12 weeks (body mass 43.1 + 3.0 g vs. 35.474g2fat mass 7.0 £ 1.4 vs. 4.8 + 1.2 Q)
(Figure 1B), whereas absolute lean mass was signifiy increased in LD-C compared to
SD-C (28.7 £ 1.4 vs. 24.1. £ 1.3 g; t-test; P S).Body composition in% of total body mass
did not differ between both groups (LD-C: lean ma83%%, fat mass ~16%; SD-C: lean mass
~69%, fat mass ~13%).

Gene expression in tanycytes

Nestin andvimentin mMRNA expressions were measured in tanycytes litiegd® ventricle in
the hypothalamus of male Djungarian hamsters. [Qutie transition from winter to summer,
both gene expressions increased and were sigrtificap-regulated in May (week 21 post
WS) relative ton (February) (one-way ANOVA, P < 0.05) (Figure 2AdaB). Thus, both
gene expressions increased 4 weeks later than madg. Regarding the transition from
summer to winternestin mRNA expression significantly decreased in Septnflwveeks 11
post SS) relative t@ (July) (one-way ANOVA, P < 0.05), which is 6 weefigor to the
significant decrease in body mass. Gene expresgiommentin decreased in parallel to the
decrease in body mass and was significantly diftete p (July) in October (one-way
ANOVA, P <0.05).
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Figure 2: (A) Nestin and (B)vimentin mRNA expression in tanycytes lining th& 8entricle (columns) and
corresponding body mass (dots) in male Djungar@amdters. Two groups of animals were kept outsidieun
natural photoperiod and,THannover, Germany, ~52°N latitude) and were #ille the course of one year
(January to June and June to December, N = B;Mody mass peak, all other body weights were coetpa
with this value,p; time point corresponding tB, all other gene expression values were comparéad this
value.N; body mass nadir armg time point corresponding td, following the same procedure as fpandp, *;

P < 0.05 compared 1, N, p or n, respectively.

(C) Nestin and (D)vimentin mRNA expression in two groups of male Djungariambters, kept in artificial LD
(16 h of light and 8 h of darkness; LD-C) or SDh(8f light and 16 h of darkness; SD-C) conditiong@+ 2 °C
for 12 weeks. ***; P < 0.001.

After 12 weeks under artificial lighting and, Thestin mRNA expression was significantly
higher in hamsters of the LD-C group compared teGGQR-test, P < 0.001) (Figure 2C) but
there was no difference immentin gene expression at this time point (Figure 2D).
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Gene expression in the thyroid hormone system
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Figure 3: (A) Type 2, (B) type 3 deiodinas®i2 and Dio3) and (C) monocarboxylate transporterNsc(8)
MRNA expressions in the 3rd ventricular tanycyyeta(columns) and corresponding body mass (dots)dte
Djungarian hamsters. Two groups of animals weret lepgside under natural photoperiod and natural T
(Hannover, Germany, ~52°N latitude) and were killedhe course of one year (January to June and tiun
December, N = 6-7)P; body mass peak, all other body weights were coetpavith this valuep; time point
corresponding td, all other gene expression values were compartdthis valueN; body mass nadir ang
time point corresponding td, following the same procedure as Pandp, *; P < 0.05 compared t®, N, p or
n, respectively.

(D) Dio2, (E) Dio3 and (F)Mct8 mRNA expression in two groups of male DjungariamBiters, kept in artificial
LD (16 h of light and 8 h of darkness; LD-C) or &bh of light and 16 h of darkness; SD-C) condisian 20 +
2 °C for 12 weeks. *; P < 0.05.

Type 2 Dio2) and type 3 Dio3) deiodinase and monocarboxylate transporteiVétg)
MRNA expression was measured in the 3rd ventridalaycyte layer of the hypothalamus.
Dio2 gene expression was up-regulated in parallel @oitbrease in body mass during the
transition from winter to summer, reaching sigrafice from April onwards (week 17 post
WS) relative tan (February) (one-way ANOVA, P < 0.05) (Figure 3Buring the transition
from summer to winter, thBio2 mRNA expression level was higher in June (1 wesfoiie

the SS) relative to p (July) (one-way, P < 0.05teAvards, gene expression decreased and
stayed low during the rest of the year. THDE2 gene expression decreased 12 weeks prior
to the significant decrease in body mass (October).

Dio3 mRNA expression was very low in hamsters that nmdet the transition from the
winter to the summer phenotype (Figure 3B). Gern@eassion was highest in January (week
4 post WS) relative ton (February) (one-way ANOVA, P < 0.05) and was tladmost
undetectable until September. From September (W&gdost SS) to November (week 23 post

SS), Dio3 gene expression was significantly up-regulatectirad to p (July) (one-way
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ANOVA, P < 0.05) but in December (at the WSip3 gene expression decreased again and
was not significantly different tp anymore. Relative to the increase in body mase3
MRNA expression increased 6 weeks earlier.

In the course from winter to summafct8 MRNA expression decreased significantly relative
to n (February) at the end of March (week 14 post Vd&g{way ANOVA, P < 0.05) (Figure
3C). That is 3 weeks prior to the significant chang body mass in April. During the
transition from summer to winteMct8 gene expression was significantly up-regulated in
September (week 11 post SS) relativep t@uly) (one-way ANOVA, P < 0.05). Thub|ct8
gene expression changed 6 weeks prior to the charmgmly mass.

After 12 weeks, there was no differencéditm2 andDio3 mRNA expression in hamsters kept
in artificial LD compared to SD (Figure 3D and E)hereasMct8 gene expression was

significantly up-regulated in SD (t-test, P < 0.QBijgure 3F).

Expression of seasonally regulated genes (Vgf, Sif, Gpr50, Crbp-1)

Vgf mRNA expression was quantified in the hypothalanecsal medial posterior arcuate
nucleus (dmpARC). In hamsters that underwent thesttion from winter to summe¥gf
MRNA expression was significantly up-regulated ianuary (week 4 post WS) and
significantly down-regulated from April onwards (@kel7 post WS) relative to (February)
(one-way, P < 0.05) (Figure 4A). Thugf gene expression decreased prior to the increase in
body mass. In the course from summer to wirlfef,gene expression was significantly up-
regulated in November (week 23 post SS) relative tduly) (one-way ANOVA, P < 0.05),
which is 6 weeks later compared to the change dy Ineass.

Sif mMRNA expression, measured in the ARC, decreased Summer to winter (Figure 4B).
It was significantly up-regulated in January (wegkpost WS) and significantly down-
regulated from March onwards (week 12 post WS)tikeato n (February) (one-way
ANOVA, P < 0.05) and, hence, decreased prior toiticeease in body mass. During the
second part of the experimel&,if gene expression was up-regulated while the bodssma
decreased. From October onwards (week 17 posth®&) was a significant difference $f
MRNA expression compared pqJuly) (one-way ANOVA, P < 0.05).

In the transition from winter to summeéspr50 mMRNA expression in the ependymal layer of
the 3% ventricle significantly increased in June (1 weelore the SS) relative to(February)
(one-way ANOVA, P < 0.05) (Figure 4C) and thus &keelater than the first significant
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1OO‘H Figure 4: (A) Vgf (nonacronymic), (B) somatotropin release-
i 80 inhibiting factor &if), (C) G-protein-coupled receptor 5Gr50)
s wrx and (D) cellular retinoic acid-binding protein Crpp-1) mRNA
@ 60- o : : .
2 expression in the hypothalamic dorsal medial pastearcuate
x .
g 40 nucleus (dmpARC), ARC and ependymal layer of tHev@ntricle,
S respectively (columns) and corresponding body nidsts) in male
< 20
§~ L Djungarian hamsters. Two groups of animals weret kmpside
¢ :
0- ! under natural photoperiod and natura] (Hannover, Germany,

LD-C SD-C
~52°N latitude) and were killed in the course oégear (January

to June and June to December; N = 6P7)body mass peak, all other body weights were coathbaith this
value,p; time point corresponding 1, all other gene expression values were compartdtias valueN; body
mass nadir and; time point corresponding th, following the same procedure as frandp, *; P < 0.05
compared td, N, p or n, respectively.

(E) Vdf, (F) Sif, (G) Gpr50 and (H)Crbp-1 mRNA expression in two groups of male Djungariamiters, kept
in artificial LD (16 h of light and 8 h of darknessD-C) or SD (8 h of light and 16 h of darknes)-8)
conditions at 20 = 2 °C for 12 weeks. **; P < 0.&%; P < 0.001.
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difference in body mass (April). During the trarmit from summer to winteiGGpr50 gene
expression was at a peak in Jyty \Week 5 post SS) relative to June (1 week befoeeSS).
The expression showed an increase between Junduiydbut then decreased once more
from September (week 11 post SS) (one-way ANOVAx B.05). Thus,Gpr50 mRNA
expression decreased 6 weeks prior to the body (@e$sber).

In hamsters that underwent the transition from &b summerCrbp-1 mRNA expression
in the ependymal layer of thé%3entricle was significantly up-regulated in Judeweek
before the SS) relative to(February) (one-way ANOVA, P < 0.05) (Figure 4Dhus,Crbp-

1 gene expression increased 8 weeks later than imadg. In the transition from summer to
winter, Crbp-1 gene expression was significantly down-regulate8eptember (week 11 post
SS) relative tg (July) (one-way ANOVA, P < 0.05), which is 6 wegksor to the change in
body mass.

After 12 weeks under an artificial LD or SD lighegimen,Vgf and Sif mRNA expression
were significantly higher in the SD-C group comphte LD-C (t-test, P < 0.01 and P <
0.001, respectively) (Figure 4E and F). On the gt Gpr50 and Crbp-1 mRNAs were
significantly higher in the LD-C group compared 3®-C (t-test, P < 0.001 for both gene
expressions) (Figure 4E and F).

Discussion

This is the first study to investigate and relat@mges in body mass with gene expression
changes in the hypothalamus of the Djungarian hemaster the course of one year covering
transitions from summer to winter and winter to suen. At ~52°N latitude (Hannover), at
the SS, day length is 16 hours and 48 minutes fonnise to sunset and at the WS day length
is only 7 hours and 41 minutes. Hannover is locaakda latitude that is within the
geographical range of the natural distribution aseE®jungarian hamsters (Western Siberia
and Eastern Kazakhstan). Therefore the data gathendis study is likely to reflect similar
changes that occur in wild populations of Djungahamsters.

To date, several genes, suchesin, vimentin, Dio2, Dio3, Mct8, Vgf, Sif, Gpr50 andCrbp-

1 are suggested to be involved in the Djungariangtars’ seasonal regulation of body mass,
which is associated with a seasonal cycle of reprtion and fur colouration (Figala et al.
1973, Hoffmann 1973, Schlatt et al. 1993). Congsisteith the change in body mass, the
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expression of these genes has been shown to batexhby photoperiod in the hypothalamic
ARC after defined periods (8-14 weeks) under aréfiLD or SD conditions (Barrett et al.
2005, 2006, 2007, Drew et al. 2001, Herwig et @02 Ross et al. 2004, 2009). In our study,
male Djungarian hamsters were kept outside underralal, and photoperiod to track gene
expression changes in the course of one year tgitinherent gradual change in photoperiod.
In photosensitive hamsters that experienced timsitran from summer (LD) to winter (SD),
we could show a seasonal MRNA expressiomesfin, vimentin, Dio2, Dio3, Mct8, Sif,
Gpr50 andCrbp-1 (Figure 2, 3 and 4). As expressions changed iallghto or prior to the
decrease in body mass, the data confirm the assamtpat these genes might be involved in
the mechanisms underlying the annual decrease dy bwass in autumn. The only gene,
whose expression was significantly up-regulatedranath later compared to the decrease in
body mass wa¥gf (Figure 4A). However, this result has to be coead cautiously aggf
was the only gene that was quantified in the dmpARiGce the dmpARC is a rather small
hypothalamic area, only very few brain slices paimal could be analysed. Some animals
even had to be excluded from analyses as the dmpAdgion was not detectable on the
slices. Thus, without reduced sample size, siggmbe of \Vgf from values atn or p
(corresponding to the time point of the nadir calpan body mass), may have occurred earlier
than indicated where significance was achieved.

Circulating thyroid hormone (triiodothyroninez)Tis known to regulate energy expenditure
and body weight in mammals (for review, see Heretigl. 2008). An important enzyme that
regulates the availability ofsTto the brain is DIOS3. It is located in the ependyihayer of the

3 ventricle and convertssTto inactive diiodothyronine ¢). In the present studyDio3
expression was detectable for the first time int&aper, i.e. after eleven weeks in decreasing
photoperiod Dio3 mRNA expression reached a peak in October (17 svaéikr the SS) and
then declined again despite the ongoing decreasphotoperiod. Expression dDio3
remained low thereafter. This indicates tli2io3 gene expression might have become
refractory to the SD signal. An early declineDno3 gene expression under SD conditions
might contribute to an early increase @favailability in the brain, like under LD conditien
Thus,Dio3 refractoriness to SD might present a mechanisnenlyidg the overall process of
photorefractoriness, thereby triggering LD physiglo Studies of Barrett (2007) and
Watanabe (2007), performed under artificial photmak observed a peak iDio3 mMRNA
expression after 6-8 weeks in SD. Subsequentlyexipeession decreased reaching only 40%
of peak value by 14 weeks in SD and was undetectier 27 weeks in SD, when animals

were then photorefractory. This result concernihgtprefractory hamsters is in accordance
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with the findings in hamsters that experienced tthasition from winter to summer in our
study.Dio3 expression was very low in January and Februadyiiawas undetectable since
then.

Several studies that analysBio2 gene expression in Djungarian hamsters undericaatif
lighting conditions revealed inconsistent resuBar(ett et al. 2007, Herwig et al. 2009,
Watanabe et al. 2004, 2007). To explain this, thas suggested a time-dependent effect
and an influence of the photoperiodic history af #inimals orDio2 gene expression. Like
DIO3, DIO2 is located in the ependymal layer of 8feventricle but in contrast to DIO3, it
activates the thyroid prohormone @y conversion to J(for review, see Herwig et al. 2008).
Watanabe et al. (2004, 2007) found an inductioBioR expression in juvenile hamsters that
were transferred to SD after weaning until 7 weekage, then maintained in SD or were
transferred to LD for further 2 weeks. However,hamsters kept in LD after weaning and
then transferred to SD, the expressiomad2 decreased in the LD and SD group at a similar
rate. This decline in both groups might reflectage related change and the hamsters mature.
Further changes then seem not to occur in SD wbenR levels are established.
Consequently, there was no differenc®in2 mRNA expression between both groups after 6
weeks, or after 27 weeks in SD when hamsters vailehbecome photorefractory to SD.
Consistently, in a study of Barrett and cowork@@0() where hamsters were also transferred
from LD to SD, they did not find a difference Dio2 gene expression between the LD and
SD group after 14 weeks. This is also in accordawitie the result of both control groups in
this study. In our study, after 12 weeks in ari#ficohotoperiod there was no difference
between LD-C and SD-C (Figure 3D). However, Henaigd coworkers (2009) found a
difference inDio2 expression between LD and SD animals after 8 wed#tsough animals in
the SD group were transferred from LD to SD and tineated similar to those in the study of
Barrett and coworkers (2007) and animals in thetrobgroups of our study. The authors
suggested a time-dependent changdDm2 gene expression. However, in another study
under similar conditions, we could not find a diffece inDio2 gene expression after 8 weeks
(see chapter 3).

Altogether, in our experiment under natural photmgk and T Dio2 and Dio3 mRNA
expression seemed to be inversely regulated. Wedfaignificantly elevatedio2 mRNA
expression levels in June in both experimental ggpundependent of their photoperiodic
history (transition from natural SD to LD or LD ®D). Watanabe and coworkers (2007)
found a low mMRNA expression @fio2 in SD refractory hamsters that were kept in SD2for

weeks. However, in our studyio2 expression increased in hamsters that became
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photorefractory (transition from winter to summaefe cannot rule out an effect of, ®n
Dio2 expression in our experiment. Collectively, thewnBndings indicate that further
research is necessary to characterize seadoim@l gene expression and the underlying
mechanisms.

In photorefractory hamsters that experienced theraktransition from winter to summer, we
found thatDio2, Mct8, Vgf and Sif mMRNA levels changed either in parallel or priorthe
change in body mass. Therefore, we suggest thaethhenes might be involved in the
mechanism underlying the increase in body weighthotorefractory Djungarian hamsters.
However, the change in these mRNA expressions magaur independently of the
morphological state in the tanycytes. The up-regaiaof bothnestin andvimentin mRNA,
which are markers for tanycytes in the ependymgdriawas delayed relative to the increase
in body mass. Nestin and vimentin are intermedit#ments that constitute an element of the
cytoskeletal architecture. They are involved inreadayrowth and may have a role to play in
tanycyte morphologywimentin has previously been shown to be down-regulaté&bDinn the
Djungarian hamster, consistent with a retractiotaaf/cyte end feet from basal epithelium of
the brain (Kameda et al. 2003). This potentiallgilitates access of neuronal axons to the
portal blood system of the ME. The findings thathhanorphological changes of tanycytes
and vimentin and nestin expression in tanycytes are photoperiodically raga in the
Djungarian hamster indicate that tanycytes andegbendymal layer might play a role in
seasonal responsiveness (Barrett et al. 2006, gatal 2009, Kameda et al. 2003, Xu et al.
2005). Tanycytes may be involved in the mechanisso@ated with the seasonal body mass
decline in photosensitive hamsters, nestin and vimentin expression decrease prior to the
decrease in body mass (Figure 2A and B). Howewerresults show thatmentin andnestin
gene expression is delayed relative to the chamfedy mass in the transition from winter to
spring. This finding indicates that morphologichboges of tanycytes may not be involved in
the physiological adaptations occurring during rsgri

Gpr50 and Crbp-1 mRNA expression significantly increased in Junbjolv is eight weeks
later compared to the significant increase in bowss in April in photorefractory hamsters
(Figure 4C and D). CRBP-1 is a retinol transporbt@in that was reported to be
photoperiodically regulated in the Djungarian hangBarrett et al. 2006, Ross et al. 2004).
GPR50 is an orphan G-protein-coupled receptor, itsutocalisation in tanycytes and its
regulation by photoperiod in the Djungarian hamsiaggest a role in communication
between the hypothalamus and the pituitary glanarr@dt et al. 2006, Drew et al. 2001,
Sidibe et al. 2010). However, likémentin andnestin, Gpr50 andCrbp-1 gene expression do
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not seem to be essentially involved in the mecmaneading to the body mass increase in
spring.

Lean und fat mass significantly increased five veepkor to the significant increase in total
body mass during the natural transition from SRBo(Figure 1A). This was probably due to
the different methods of measurement we appliedei@rmine total body mass and body
composition. We excluded body water from analysasshamsters lost variable amounts of
blood at killing, due to brain and organ dissectibarthermore, carcasses have been frozen
initially and were thawed later for carrying ouetiMRI scan. Both situations might have
caused individual differences in body water contdrdt cannot be distinguished when
measuring total body mass.

In our experiment we could show that in additioriite seasonal cycle in fat mass, a seasonal
cycle in lean mass contributed to the cycle inltbady mass. In animals exposed to the
transition from winter to summer, fat mass incréa2e3-fold and lean mass increased 1.3-
fold from Februaryrf) to April, where body mass was significantly iresed compared td
(Figure 1A). During winter acclimatization, fat nsadecreased 3.1-fold and lean mass 1.2-
fold between Julyf) and October, where body mass was significantlyefocompared t®.

In a previous study the authors stated that theedse in body mass in SD in Djungarian
hamsters was almost entirely due to a reductiofainmass (Wade and Bartness 1984).
However, measurement of body composition in a safdglingenspor and coworkers (2000)
revealed that the SD-mediated decrease of body imasgially due to a reduction of fat mass
and fat-free mass. Our study indicates that théridanion of fat mass to the seasonal cycle in
body mass might reside in between the suggestionstb studies.

In the study of Klingenspor and colleagues (20@t)y found a 50% decrease of fat mass in
SD control hamsters compared to LD controls, whiehdid also find in another study (see
chapter 3) but not in the control hamsters of shigly (Figure 1B). In addition, there was no
significant difference in total body mass aftervi@eks. This might indicate that the control
hamsters of our study were unsuitable to get rdialata of gene expression and body
composition comparable to other studies. An exgianamight be the old-age (11-17
months) of our control hamsters at the time pooftsampling together with the fact that
hamsters of both control groups had experienced wimter outside before they were
transferred to artificial LD and finally to SD agaiHowever, 12 weeks under increasing
natural photoperiod and subsequently 8 weeks uartificial LD should have been sufficient
to re-sensitize the neuroendocrine system, to e tabadapt to SD again (Bittman 1978,

Kauffman et al. 2003, Reiter 1972, Stetson et @r.7). Nevertheless, Figala and coworkers
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(1973) discovered that most of the hamsters expang autumn/winter conditions for the
second time in their short life, either develop siderably reduced SD responses or do not
respond at all.

This might also explain the lacking differenceliro3 mMRNA expression between the LD and
SD-C group after 12 weeks (Figure 3E). The redaligcate that the amplitude of seasonal
Dio3 gene expression might be strongly dampened isdh&ol hamsters of our study, hence
not reaching statistical significance. The same hinige true for thevimentin mRNA
expression. Generally, we noticed that the expoeskavel of genes in both control groups
under artificial lighting conditions was lower coarpd to animals under natural photoperiod
and T.. These hamsters have been 9-13 months of ageeatini®e point of sampling.
Furthermore, we cannot rule out an effect of comstes. changing temperature and
photoperiod on the processes of seasonal accliatiaiz However, forCrbp-1, Gpr50,
nestin, Mct8 andVgf genes we found photoperiod-dependent mRNA exmnedsvels in our
control hamsters consistent with previous studigerett et al. 2005, 2006, Herwig et al.
2009).

In summary, we demonstrate a possible involvemémiesiin, vimentin, Dio2, Dio3, Mct8,
Sif, Gpr50 and Crbp-1 genes in the seasonal body mass regulation in ggdive
Djungarian hamsters. In photorefractory hamstendy ®io2, Mct8, Vgf and S'if mRNA
expressions were found to change prior to the asmen body mass. Thus, only these genes
might be involved in the mechanisms leading to weght gain in late winter/spring. In
contrast,nestin andvimentin gene expression in tanycytes was delayed relédivtbe body
mass increase. However, future studies shouldduitivestigate the varying gene expression
of Dio2. Furthermore, an increase in sampling points dutie course of one year and the
measurement of the gonadal cycle in addition tdtigy mass cycle would increase precision

and significance of follow-up studies.
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Djungarian hamsters are known for their high mdiorato run in a wheel but the origin of
this behaviour remains speculative. However, v@ontunning is clearly associated with
increased energy expenditure. Similarly, reproduncthat is essential for the survival of the
species is also associated with high energeticscespecially for the females. Thus, in our
first study (chapter 2) we investigated the cha&eand influence of voluntary wheel-running
activity on reproductive success. The outcome wase@eased prevalence of infanticide and
cannibalism in exercising breeding pairs and sirkglgt females, presumably to compensate
for the energy deficit caused by wheel-running\atgti Only a few females reduced the
amount of wheel revolutions after parturition angéawed several pups. This difference
between individuals might be explained by a difigrpropensity to wheel-running activity as
it has been shown in previous studies (Scherbaréh 2007, 2008). Another result was that
wheel-running activity seemed to prevent succegsfagnancy. We hypothesized that this
might have been due to unfavourable energeticalopiditions for reproduction. In previous
studies it was shown that exercising hamsters ase@ body mass without increasing plasma
leptin levels (Scherbarth et al. 2007). This cduddexplained by the fact that the increase in
body mass was due to an increase in lean but non&ss and leptin is known to be
adipocyte-derived (for review, see Ahima and FRE00). Leptin stimulates hypothalamic
gonadotropin-releasing hormone (GnRH) release aadavsubsequent signalling cascade
including the release of follicle stimulating horm®o (FSH) and luteinising hormone (LH)
from the pituitary, GNnRH regulates the oestrus ey@br review, see Popovic and Casanueva
2002). In exercising females, an impaired oestryslec due to low plasma leptin
concentrations might have prevented pregnancy Igino exercise-induced amenorrhea in
women). Furthermore, leptin plays a role in matemaestment and was shown to reduce
infanticide in Djungarian hamsters (French et &09. From our data we do not know
whether pups that were born by an exercising fewale fed directly after birth or whether
they died through starvation or hypothermia duensgligence of the parents prior to
cannibalization. Thus, in future studies video rdows should track the behaviour of
exercising breeding pairs directly after parturitidhereby, further insight into behavioural
changes, such as maternal care, in wheel-runningsteas could be gained. In addition,
plasma leptin levels of the females should be detexd as well as other hormonal
concentrations, such as prolactin that is involirednale and female fertility, pup-induced
maternal behaviour and the control of lactatiom (&view, see Bachelot and Binart 2007).

In the experiment described in chapter 3, we oleskavweight gain in hamsters with access

to a RW, independent of the LD or SD photoperiaslaown in previous studies (Scherbarth
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et al. 2007, 2008 and chapter 2). Although enesgyerditure and cumulative food intake
increased in hamsters that voluntarily ran in a elhfor 12 weeks, orexigenic and
anorexigenic gene expressions in the hypothalanR€ Ahat regulate energy homeostasis
were not affected. One exception wR@mc whose expression significantly increased in the
SD-RW group compared to SD-C after 12 weeks. Likewiwe found an up-regulat&af
gene expression in the dmpARC of both RW groupgséhincreases in gene expression are
counterintuitive since on the one hand, POMC- a@F\erived peptides are known to act
catabolic (for reviews, see Jethwa and Ebling 2008untjoy 2010) but on the other hand,
both RW groups increased body mass compared tootfteols. However, we found absolute
food intake of exercising hamsters to be almostterea after 12 weeks compared to the first
week of the experiment. Thus, increased levels@YIE and VGF, probably triggered by the
increased body mass that deviates from the seasenpbint, might counteract an increase in
food intake. Nevertheless, the activated melanoc@athway and increased secretory and
signalling activity of the dmpARC seem not to beosg enough to affect body mass. A
possible explanation could be that both catabolgtesns might be overridden by anabolic
mechanisms like growth, whose involvement in therease in body mass of exercising
hamsters could be confirmed in this study via deteation of S'if gene expression. Future
studies might additionally analyse the impact duatary exercise on gene expression of the
melanocortin system in the brainstem [parabraghialeus (PBN) and nucleus of the solitary
tract (NTS)]. Both brain nuclei are involved in gpije and feeding in rodents (for review, see
Scott and Small 2009) and many neuropeptides arepters involved in the regulation of
energy balance in the hypothalamus are also presetitis area (Joseph et al. 1983).
previous study in rats revealed that activationtref melanocortin system yomc gene
transfer to the NTS counteracts diet-induced opekibwever, an identical treatment in the
ARC failed to do so (Zhang et al. 2010). Furtherendine expression of MQ#ceptors in this
brain area was shown to be regulated by photopéarmitite Djungarian hamster (Helwig et al.
2009).

To further investigate a potentially increased sexy activity of the dmpARC in exercising
hamsters, gene expression of the secretogr&gihk and VI that are involved in secretory
processes (Nilaweera et al. 2009) should be quechtiin addition, gene expression of other
seasonally expressed neuropeptides in the dmpARE as MC3 receptor and serotonin
receptors 5-HT-2A and 5-HT-7 might be determinddadtually, under the influence of
wheel-running activity the intracellular signallipgathways in the dmpARC are activated,

these gene expressions might be up-regulated.
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Our hypothesis that wheel-running activity may etffphotoperiod-driven gene expressions
involved in the regulation of body weight to fatate a weight gain in RW hamsters
(especially in SD) seems not to include the thyrsydtem. This system is known to be
important for the regulation of energy expendit(ie review, see Herwig et al. 2008).
However, there was no difference between the RWgg@nd their respective controls in any
of the investigated gene expression. Based orregkidts, we could show that the perception
of photoperiod at the level of the hypothalamus neatsaffected by voluntary wheel running.
The same was shown in the golden hamstesdcricetus auratus) by demonstrating that the
ability of the SCN to integrate the photoperiodm@aicge from LD to SD was not modified in
exercising individuals (Menet et al. 2005). As hyyasized in their study, we then suggested
that downstream physiological and metabolic respemaight be involved in the exercise-
induced weight gain.

Therefore, in the next study (chapter 4) we analysieletal muscle metabolism based on
enzyme phosphorylation levels in the gastrocnenmusscle. Since peripheral skeletal
muscles show a high plasticity to adapt to exercmaing, we hypothesized that they might
secrete factors that feed back to the brain ansl dnel involved in the mechanisms overriding
the seasonal processes of body weight regulatiomveder, our results revealed neither an
impact of photoperiod nor activity on enzyme phasplation. This might have been due to
the inappropriately chosen sampling point 3-4 haitsr the lights went on and thus not
close enough to the nocturnal exercise bout. Furtbee, activity intensity and food intake
were not standardized in our experiment, leading ttarge individual variability in the
measured parameters.

In previous studies it was shown that besides fasanlean mass (mainly muscle mass)
contributes to the seasonal cycle in body weightels (Klingenspor et al. 2000 and chapter
3 and 5). However, to date only few studies adeasseasonal changes in muscle
morphology and metabolism in the Djungarian hamg¢Braulke et al. 2010). Thus, the
endocrine control of the photoperiod-driven chamgeuscle mass remains to be elucidated
and more studies in this field are required.

We measured serum concentrations of insulin and1@t+this study as well. The results are
comparably affected by the above mentioned fac#lttough not significant, results might
hint at slightly increased insulin levels in the -BW group compared to SD-C. Elevated
insulin levels are found in mammals that developedlin resistance, predominantly caused
by obesity. Initially, insulin is produced in sufiiént quantities in these animals but insulin-

stimulated glucose transport and uptake is dimedsim glucose absorbing organs such as
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muscle. Thus, the blood glucose level increasestlamgancreas in turn compensates with
increased insulin secretion. However, an elevaisdlin secretion cannot be sustained over a
long period of time. As a consequence of insulifictEncy in a later stage, type 2 diabetes
may develop. But exercising hamsters increase thwly mass without increasing fat mass
(Scherbarth et al. 2007) and thus, they cannotelseridbed as ‘obese’. Furthermore, exercise
does counteract insulin resistance. An importal& irothis process plays the enzyme AMPK
in muscle. AMPK is involved in regulating energyldrece at the whole body level via
inhibition of anabolic pathways while activatingaiaolic processes (for review, see Hardie et
al. 1998). In animal models of insulin resistan&B|PK activity was found to be low due to
defect or disuse of the AMPK signalling system (feview, see Winder and Hardie 1999).
Activity of AMPK can be pharmacologically stimuldtéy AICAR (Buhl et al. 2002, Iglesias
et al. 2002) or directly through exercise traini@yandt et al. 2010, Kraegen et al. 1989).
Both procedures have been shown to effectively vant insulin resistance via improved
glucose transport and fatty acid oxidation. Thire tlevelopment of insulin resistance in
exercising hamsters seems not to be very likely.

One study on voluntarily exercising and thus trdiregs revealed low levels of plasma IGF-1
compared to controls (Matsakas et al. 2004). Howeaxeercising rats had decreased their
body mass after 12 weeks and thus it was suggeltgdwheel running may diminish
anabolic stimuli in this species. This is in costréo our findings in the hamster where
anabolic stimuli are induced through wheel-runnaagjvity. Thus, we would expect a rather
elevated IGF-1 plasma level in our study, but intcast to our expectations, we did not find
any significant differences between exercising hamssand controls. However, like with
insulin, there might at best be a faint hint tglstiy elevated IGF-1 serum concentrations in
the SD-RW group compared to SD-C. Altogether, thecubsion points out that the
experiment should be repeated under standardizeditmms with an appropriate time point
for muscle and blood sampling. Consequently, we ttméght be able to shed light on the
involvement of insulin, IGF-1 and the muscle metano in seasonal body weight regulation
as well as the impact of wheel-running activityibn

Considering the present results of all our studibe, question remains how the exercise-
induced increase in body mass can develop withoun@ease in food intake. Moreover, we
found that the effectiveness of digestion seemstodite altered by wheel-running activity.
Analysis of the energy content in faeces via a bamalrimeter showed no difference
between hamsters with or without access to a RWitlrer photoperiod (data not shown).

Hence, we conclude that several factors such astlyraltered insulin and IGF-1 levels, a
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conversion of body fat to body lean mass and prigbabot of other still unknown factors,
might sum up and contribute to the exercise-indweeight gain.

The last experiment (chapter 5) is the first sttaljnvestigate the temporal sequence of gene
expression changes in the ARC of the Djungariandb@nover the course of one year under
natural T, and photoperiod. Thereby, the gradual transitistoen summer to winter and
winter to summer were covered (Hannover, Germag$iN3atitude). These gene expressions
have previously been investigated only under ardfilighting and temperature conditions.
By relating changes in body mass with gene expasshanges, we were able to confirm
several genes to be involved in body mass regulatio

During the course of the yed&,if gene expression was in antiphase with the bodyg made,
changing prior to or in parallel with the body ma&s SRIF inhibits the release of GH from
the pituitary, the result indicates that growthreedo be inhibited in SD and allowed in LD.
This result is in line with our finding under artil conditions, as described in chapter 3.

In previous studies under artificial lighting cotidins, Dio3 gene expression in Djungarian
hamsters was shown to be present only in SD, regahipeak after 6-8 weeks (Barrett et al.
2007, Herwig et al. 2009, Watanabe et al. 2007DPis located in the ependymal layer of
the 3% ventricle and convertssTto inactive . Thus, in SD, T availability in the brain
decreases, thereby decreasing energy expendituoh vghan important adaptation to save
energy in winter. On the other hand, the hypothalaig availability seems to be high in LD
due to the lack iDio3 gene expression (Freeman et al. 2007). After gak pnDio3 gene
expression, previous studies showed a rapid dechidecating that th®io3 expression might
have become refractory to the SD signal. An eaglglide inDio3 gene expression under SD
conditions might contribute to an early change mmygiology, thereby anticipating LD
conditions. ThusDio3 refractoriness to SD might present a mechanisnenlyidg the overall
process of photorefractoriness. The gene expresdibmo3 in our experiment under natural
photoperiod and Jshows a comparable patteiio3 mMRNA expression appeared for the
first time in September (week 11 post SS) and redehpeak in October (week 17 post SS).
Then it decreased again between October and Novefweek 23 post SS) and was almost
undetectable during the rest of the year. Aftem#&@€ks in SD, when hamsters have been
photorefractory, Watanabe and coworkers (2007) doido3 gene expression to be
undetectable. This is also in accordance with thdirigs in photorefractory hamsters that
experienced the transition from winter to summeoun study.Dio3 expression was very low

in January and February and it was undetectabbe siren.
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Studies determininddio2 gene expression in Djungarian hamsters revealednsgistent
results so far and the authors suggested a timendept effect and an influence of the
photoperiodic history of the animals @102 gene expression (Barrett et al. 2007, Herwig et
al. 2009, Watanabe et al. 2004, 2007). The outcomeur experiment suggests another
influence onDio2 gene expression, namely, Tas we found significantly elevatddio2
MRNA expression levels from April (week 17 post Wi8)June (~1 week before the SS).
Concerning photorefractory hamsters, Watanabe amsrkers (2007) found a low mRNA
expression oDio2 in hamsters after 27 weeks in SD. However, instudyDio2 expression
increased in hamsters that became photorefractoaysition from winter to summer).
Interestingly, in our experiment under natural pipetiod and T Dio2 and Dio3 mRNA
expression seemed to be inversely regulated.

Nestin and vimentin are intermediate filaments dwtstitute the cytoskeleton and thus they
might be involved in tanycyte morphology. In prawostudies on the Djungarian hamster,
Vimentin mRNA expression has been shown to be decreasefiDin Simultaneously,
tanycytes retracted from the basal epithelium @f fiypothalamus in SD (Kameda et al.
2003). The findings that both, morphological changé tanycytes angimentin and nestin
expression in tanycytes are photoperiodically raga in the Djungarian hamster indicate
that tanycytes and the ependymal layer might plagl@in seasonal responsiveness (Barrett
et al. 2006, Herwig et al 2009, Kameda et al. 2008t al. 2005). The results of our study
suggest that tanycytes may be involved in the mashaunderlying the seasonal body mass
decline, asnestin and vimentin expression decreased prior to the decrease in babs.
However, the up-regulation of both gemess delayed relative to the increase in body nmrass i
photorefractory hamsters (in the transition fronrmter to spring). This finding indicates that
morphological changes of tanycytes may not be wealin the physiological adaptations
occurring during spring.

A subsequent experiment under natural conditiomailshinclude an increase in sampling
frequency and a determination of the testes cycleddition to the body weight cycle.
Besides the verification of the pattern [@fo2 gene expression, the increasing number of
genes, whose expression is found to be regulateghbyoperiod in the hypothalamus of
Djungarian hamsters kept under artificial condisipreould be analysed and related to the
seasonal testes cycle and cycle in body mass.

Altogether, this study confirms wheel-running aityivas a useful tool in the Djungarian

hamster to manipulate and challenge the neuroem#goenergy balance system and the
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mechanisms underlying seasonal acclimatization. évew further research in this field is
necessary to understand the interaction of the Bmpechanisms in the brain and periphery
that mediate the divergence from the natural sedszytle of physiological adaptations due
to voluntary exercise. From the data achieved & dbntext of this thesis we assume that
there should be several factors that are affecyedteel-running activity. Thus, even small
influences on these factors, all acting in the salmection, might sum up to induce the

exercise-induced weight gain.
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