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Summary 

Victoria Diedrich 

Daily torpor in Djungarian hamsters (Phodopus sungorus): energetics and environmental 

challenges 

 

Mammals that inhabit temperate and arctic latitudes are confronted with considerable seasonal 

fluctuations in ambient temperature and food availability. During winter, low ambient 

temperatures facilitate heat loss via the body surface of the animals and cause an increased 

energy demand. This energetic challenge has led to the development of a large variety of 

seasonal acclimatizations that predominantly reduce energy expenditure. One important 

acclimatization trait is a controlled temporal reduction of metabolic rate and body 

temperature, which occurs in two basic forms: daily torpor and hibernation. Daily torpor 

represents a rather moderate reduction in metabolic rate and body temperature, which lasts for 

several hours and is usually restricted to the animals’ resting phase.  

The Djungarian hamster (Phodopus sungorus) has long been a model organism for 

investigating seasonal changes and daily torpor. Interestingly, this species exhibits seasonal 

spontaneous daily torpor (SDT) induced by exposure to winter-like short photoperiod, but 

also fasting-induced torpor (FIT) in response to prolonged food restriction. While FIT has to 

be considered as an acute response to an energetic challenge, SDT has been shown to occur 

despite abundance of food. In the present study, we used predominantly whole-animal-

physiology to evaluate SDT as energy saving mechanism a) in comparison to FIT and b) in 

response to environmental factors that modulate the hamsters’ energy balance. 

The results of our comparative study in combination with a comprehensive literature review 

show that SDT expressing hamsters are in energetic balance, even under environmental 

energetic challenges. In contrast, FIT occurs independently of any energy-saving seasonal 

acclimatization, but appears to serve as last resort when body fat is severely depleted. 

However, we could also observe a certain degree of acclimation in FIT expressing hamsters, 

as they showed an increased mucosal glucose absorption capacity, which tended to be 

negatively correlated with FIT frequency. Interestingly, food restriction during SDT 

expression forced some hamsters to show characteristics of FIT expression, which again 
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allows for the differentiation between SDT as part of a seasonal long-term “energy budget” 

and FIT as acute “emergency shut down”. 

As not only food quantity, but also food quality influences SDT expression, another 

experiment investigated the effect of unsaturated fatty acids on SDT expression. Unsaturated 

fatty acids have been shown to increase energy saving efficiency during hibernation, which 

was mainly attributed to their positive effect on membrane and tissue functionality at low Tb. 

In contrast to these studies, neither a high ratio of poly- to monounsaturated fatty acids, nor a 

high ratio of n-6 to n-3 polyunsaturated fatty acids had a considerable facilitating effect on 

SDT expression and thus SDT energy saving efficiency. 

In contrast to earlier experiments under constantly lowered ambient temperature, a semi-

natural daily temperature cycle with cold nights and warmer days did not facilitate SDT 

expression in adult hamsters and even decreased SDT expression in juvenile hamsters. As the 

juveniles showed a high proportion of unexpectedly short SDT bouts, we assume that the 

daily increase in ambient temperature interrupted SDT expression. In contrast, adult hamsters 

appeared to be more resistant to the disturbing external stimuli. 

In all experiments, we observed the already described high individual variability of SDT 

expression within the different treatment groups. Although energetic challenges facilitate 

SDT expression in general, the individual relative contribution of SDT to the overall energy 

saving potential of seasonal acclimatization differs dramatically. All results underline the 

theory of a predetermined endogenous SDT proneness. Although the reasons for the high 

variability in SDT expression in Djungarian hamsters remain unknown, we can at least say 

that this enigma can only be solved when regarding SDT as just one, albeit important facet of 

seasonal acclimatization. 
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German Summary (Zusammenfassung) 

Victoria Diedrich 

Täglicher Torpor beim Dsungarischen Zwerghamster (Phodopus sungorus): Energetik und 

Herausforderungen durch die Umwelt 

 

Die Säugetiere der gemäßigten und arktischen Breiten sind mit beträchtlichen saisonalen 

Schwankungen von Temperatur und Futterverfügbarkeit konfrontiert. Die niedrigen 

Umgebungstemperaturen des Winters verstärken den Wärmeverlust über die 

Körperoberfläche der Tiere und erhöhen somit ihren Energiebedarf. Diese energetische 

Herausforderung führte zur Entwicklung einer großen Vielfalt an saisonalen Anpassungen, 

welche vornehmlich dazu beitragen, den Energieverbrauch zu reduzieren. Eine wichtige Form 

der Anpassung stellt die zeitlich begrenzte, kontrollierte Absenkung von Stoffwechsel und 

Körpertemperatur dar, welche in zwei grundsätzlichen Ausprägungen auftritt, als täglicher 

Torpor und als Winterschlaf. Täglicher Torpor ist durch eine eher moderate Reduktion von 

Stoffwechselrate und Körpertemperatur charakterisiert, die für einige Stunden anhält und für 

gewöhnlich auf die Ruhephase der Tiere beschränkt ist. Der Dsungarische Zwerghamster 

(Phodopus sungorus) wird seit langem als Modellorganismus verwendet, um saisonale 

Anpassungen und täglichen Torpor zu untersuchen. Interessanterweise zeigt diese Säugerart 

einerseits saisonalen spontanen, täglichen Torpor (SDT), welcher durch eine winterliche 

kurze Photoperiode induziert werden kann, andererseits aber auch fasten-induzierten Torpor 

(FIT) als Folge längerer Futterrestriktion. Während FIT als akute Antwort auf eine 

energetische Herausforderung gilt, tritt SDT auch bei uneingeschränkter Futterverfügbarkeit 

auf. In dieser Studie wurde unter Verwendung Ganztier-physiologischer Methodik eine 

Einschätzung von SDT in seiner Rolle als Energiesparmechanismus vorgenommen. Die 

Einschätzung basiert a) auf dem Vergleich zu FIT und b) der Untersuchung verschiedener 

Umweltfaktoren, welche die Energiebilanz der Hamster beeinflussen. 

Die Ergebnisse dieser vergleichenden Studie in Kombination mit einer umfassen 

Literaturübersicht belegen, dass Hamster, die SDT zeigen, auch unter energetischer Belastung 

eine ausgeglichene Energiebilanz aufweisen. Im Gegensatz dazu tritt FIT unabhängig von 

etwaigen Energiesparmaßen durch saisonale Anpassungen auf und scheint ein letzter Ausweg 

zu sein, wenn die Körperfettreserven der Hamster nahezu erschöpft sind. Wir konnten jedoch 
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auch einen gewissen Grad der Anpassung bei jenen Hamstern beobachten, die FIT zeigen. Sie 

entwickelten eine höhere mukosale Absorptionskapazität für Glukose, die wiederum 

tendenziell eine negative Korrelation zur FIT-Frequenz aufwies. Wurden Hamster während 

der SDT-Saison mit einer reduzierten Futterverfügbarkeit konfrontiert, zeigten einige von 

ihnen FIT-Merkmale. Diese Tatsache erlaubt die Unterscheidung zwischen SDT als Teil eines 

saisonalen „Langzeit-Energieplans“ und FIT als akuter „Notabschaltung“. 

Da nicht nur Futterquantität, sondern auch -qualität die Ausprägung von SDT beeinflusst, 

wurde in einem weiteren Experiment der Effekt von ungesättigten Fettsäuren auf SDT 

untersucht. Die Aufnahme dieser Fettsäuren führt im Allgemeinen zu einer erhöhten 

Energiespareffizienz während des Winterschlafs, was hauptsächlich auf den positiven 

Einfluss dieser Fettsäuren auf die Funktionalität von Membranen und Geweben bei geringer 

Körpertemperatur zurückzuführen ist. Im Gegensatz zu diesen Studien konnte weder ein 

hohes Verhältnis zwischen mehrfach-und einfach-ungesättigten Fettsäuren, noch ein hohes 

Verhältnis zwischen Ω-6- und Ω-3-Fettsäuren die Ausprägung und Energiespareffizienz von 

SDT positiv beeinflussen. 

Obwohl eine konstant geringe Umgebungstemperatur die SDT-Ausprägung verstärkt, konnte 

dieser Effekt unter Verwendung eines täglichen, semi-natürlichen Temperaturzyklus mit 

kalten Nächten und wärmeren Tagen bei adulten Hamstern nicht bestätigt. Juvenile Hamster 

zeigten sogar eine verringerte SDT-Ausprägung als Antwort auf diese Umweltbedingungen. 

Da innerhalb der Jungtiere der Anteil an unerwartet kurzen SDT bouts sehr hoch war, nehmen 

wir an, dass der tägliche Anstieg in der Umgebungstemperatur diese unterbrochen hat. Adulte 

Hamster schienen gegenüber diesem Störfaktor sehr viel unempfindlicher zu sein. 

Wir konnten in allen Experimenten die bereits beschriebene hohe individuelle Variabilität der 

SDT-Nutzung innerhalb der verschiedenen Versuchsgruppen beobachten. Energetische 

Herausforderungen verstärken grundsätzlich die SDT-Ausprägung, jedoch finden sich 

dramatische Unterschiede im individuellen, relativen Beitrag von SDT zum gesamten 

Energiesparpotential saisonaler Anpassung. Alle Ergebnisse unterstreichen die Theorie einer 

vorherbestimmten, endogenen SDT-Neigung. Obwohl die Gründe für die hohe Variabilität 

der SDT-Verwendung beim Dsungarischen Zwerghamster unbekannt bleiben, können wir 

aber dennoch sagen, dass dieses Rätsel nur zu lösen sein wird, wenn SDT als eine – wenn 

auch sehr wichtige – Facette saisonaler Anpassung eingeordnet wird. 
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1.1. Endothermy 

 

The origin of endothermy, starting 250 million years ago in the late Permian (Hillenius 1994), 

can be seen as one of the most important transitions in mammalian evolution (Grigg et al. 

2004, Hayes and Garland 1995). The use of heat production from an increased metabolic rate 

to constantly elevate body temperature (Tb) together with mechanisms to regulate Tb 

independently of ambient temperature (Ta) is considered to be associated with several direct 

and indirect selective advantages. A constantly high Tb (homeothermy) allowed the conquest 

of many thermal niches (Bakken 1976, Crompton et al. 1978), an enhanced metabolic 

efficiency of e.g. enzymes (Avery 1979, Heinrich 1977), an increased brain size (Hulbert 

1980) and improved aerobic capacity during exercises such as hunting and competition for 

sexual partners, territories or food resources (reviewed in Hayes and Garland 1995). However, 

homeothermy also comprises some disadvantages, especially for small endotherms (Geiser 

2008). Due to their small size, these animals have a relatively large body surface to volume 

ratio which facilitates heat loss during cold exposure, while the compensatory fur insulation is 

limited. Consequently, small endotherms exhibit a high mass-specific basal metabolic rate as 

well as high mass-specific energy expenditure during exercise. Together with a strongly 

limited energy storage capacity, these characteristics result in considerably high energetic 

costs of homeothermy, which require a constantly high energy supply. 

 

 

1.2. Seasonal acclimatization 

 

Especially endotherms that inhabit temperate and arctic latitudes are confronted with low Ta 

and decreased food availability and/or quality during winter (Ruf 1991). Limited energy 

supply in combination with increased heat loss represents a severe energetic challenge that 

requires appropriate adaptations. Accordingly, small endotherms that cannot escape from the 

unfavourable environmental conditions (e.g. by migration), exhibit various traits of seasonal 

acclimatization in behaviour, morphology and physiology (Schmidt-Nielsen 1979). 

Acclimatization serves to reduce energy expenditure and/or to increase energy efficiency and 

may include reproductive inactivity, nest building and huddling, an increase in both fur 
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insulation and thermogenic capacity of brown adipose tissue or the accumulation of external 

or internal energy reserves (Bronson 1985, Gilbert et al. 2010, Heldmaier 1989). A further 

possibility of saving energy is heterothermy. This partial suspension of high metabolism and 

body temperature is a widespread energy saving mechanism among endotherms (Ruf and 

Geiser 2014).  

 

 

1.3. Heterothermy – Hibernation and daily torpor 

 

In mammals, heterothermy may occur in two distinct forms, namely hibernation and daily 

torpor. Hibernation is characterized by a drastic decrease in metabolism down to 5% of basal 

metabolic rate and consequently a reduction in Tb close to 0 °C. These deep torpor bouts can 

last from several days up to weeks and are regularly interrupted by short interbout arousals, 

i.e. the return to normothermia. During the hibernation season, animals either rely exclusively 

on internal energy stores that are accumulated in the prehibernation fattening period, or 

additionally live on food caches (for review (Geiser and Ruf 1995, Geiser 2004, Ruf and 

Geiser 2014). The average energy saving potential of hibernation compared to normothermia 

is estimated to be in the range of 90% (Heldmaier et al. 2004) and can thus be considered as a 

very effective strategy to survive unfavourable environmental conditions. However, several 

studies and reviews have pointed to the fact that hibernation is restricted to larger or medium-

sized mammals that have the capacity to accumulate sufficient amounts of body fat to survive 

the whole winter season (Heldmaier 1989, Ruf and Geiser 2014). Smaller mammals with a 

body mass below 100g do not have this opportunity, but use heterothermy as energy saving 

strategy on a daily base. These winter active species express daily torpor during their resting 

phase and forage for food during their activity phase (Geiser et al. 2008, Hudson 1978, Ruf 

and Geiser 2014, Withers et al. 1996). According to the short duration, daily torpor is 

characterized by a more moderate reduction in metabolic rate (by ~70% of basal metabolic 

rate) compared with hibernation (Ruf and Geiser 2014). The decrease in metabolic heat 

production results in average Tb values of 18°C. Although the duration of torpor bouts shows 

a high interspecific variability (from 1.5 h up to 22 h; Geiser and Ruf 1995), the majority of 

investigated species are torpid for on average 8.2 h (Ruf and Geiser 2014). As daily torpor 
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usually occurs during the animals’ resting phase, it has been considered as extension of the 

usual sleep-dependent decrease in body temperature (Deboer and Tobler 1995, Walker et al. 

1979). Thus, it seems to be an inherent component of the circadian rhythm of metabolic rate 

and body temperature, which is entrained by the light-dark cycle (Geiser and Baudinette 

1985, Körtner and Geiser 2000, Lynch et al. 1980, Ruf et al., 1989). Although the expression 

of daily torpor saves less energy compared to hibernation (60-70% vs. 90%), it offers the 

possibility to respond more flexible to varying environmental energy challenges without the 

need to abandon territorial or social activities (Heldmaier et al. 2004). 

 

 

1.4. The Djungarian hamster – a model in the field of daily torpor 

 

Among small endothermic mammals, the Djungarian hamster (Phodopus sungorus Pallas 

1773) has long been studied as a model organism for seasonal acclimatization and daily 

torpor. This nocturnal rodent species inhabits the Central Asian steppes of western Siberia and 

eastern Kazakhstan, a region that is characterized by a continental climate with drastic 

seasonal changes in Ta (Flint 1966). During the Siberian winter, Djungarian hamsters are 

confronted with very low Ta (down to -50°C) and severely reduced food availability. As the 

behavioural, morphological and physiological changes of winter acclimatization take several 

weeks to be established, they are initiated well in advance of the upcoming winter in response 

to the decreasing photoperiod length in autumn (< 13.5 h; Heldmaier and Lynch 1986, 

Hoffmann 1982).  

As a first step of behavioural energy saving, reproductive activity ceases and reproductive 

organs lose weight and function (Hoffmann 1979, 1973). Furthermore, the animals reduce 

their body mass (35-45 g) by up to 40%, which additionally decreases their energy 

expenditure (Steinlechner et al. 1983). The moult from a greyish-brown summer fur into a 

better insulating white winter fur compensates for the relative increase of the heat dissipating 

body surface area resulting from body mass loss (Heldmaier and Steinlechner 1981a, 

Kauffman et al. 2001, Kuhlmann et al. 2003). The increased capacity of non-shivering 

thermogenesis in the hamsters’ brown adipose tissue represents another important 

acclimatization trait (Rafael et al. 1985a, 1985b). Under laboratory conditions, these 
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morphological and physiological changes reduce metabolic requirements during 

normothermia by 35% and substantially improve the animals’ cold tolerance down to -68°C 

(Heldmaier et al. 1982). Djungarian hamsters can save additional energy with the expression 

of spontaneous daily torpor (SDT) after ten to twelve weeks of exposure to short photoperiod 

(SP). Heldmaier and Steinlechner (1981b) measured a 44% reduction in metabolic rate in 

hamsters held under a Ta of 5-10°C. Under these conditions, a torpor bout lasting 8 h 

(complete resting phase) could save additional 15% of energy compared to a day without 

torpor expression. However, later studies on long-term energy budgets revealed that torpor 

bouts can have a much higher energy saving potential. Ruf and Heldmaier (2000) calculated 

that a torpor bout during the day also saves a considerable amount of energy during the night 

because of a reduced need to forage for food (Ruf et al. 1991). 

 

 

1.5. Spontaneous daily torpor in response to energetic challenges 

 

Although exposure to SP is sufficient to induce acclimation processes including SDT 

expression in Djungarian hamsters, it has been shown that energetically challenging ambient 

conditions can additionally facilitate SDT expression. Both a natural and artificial lowering of 

Ta led to an advanced onset of the torpor season, a higher proportion of hamsters showing 

torpor, a higher individual torpor frequency as well as to deeper and longer torpor bouts 

compared to control hamsters held at thermoneutrality (Heldmaier and Steinlechner, 1981b; 

Ruf and Heldmaier 2000, Ruf et al. 1993, 1991). Despite the strong impact of Ta on torpor 

expression, it is not possible to induce torpor under long photoperiod (LP) solely by lowering 

Ta (Ruf 1991), demonstrating that this ambient variable merely acts as modulating factor, 

rather than as factor of ultimate or proximate torpor induction. Furthermore, food quality and 

quantity has been shown to affect SDT expression in Djungarian hamsters. A general 

moderate food restriction increased torpor frequency on an individual level, but also in 

comparison to an ad libitum fed control group. In contrast, the supply with a high caloric 

cafeteria diet decreased the torpor expression when compared to control fed hamsters (Ruf et 

al. 1993, 1991). In addition to caloric density, Geiser and Heldmaier (1995) could show that 

diets rich in poly- and monounsaturated fatty acids (PUFA, MUFA) had a positive effect on 
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torpor frequency compared to a diet rich in saturated fatty acids. The facilitating effect of 

unsaturated fatty acids on hibernation and daily torpor could be demonstrated in many 

different species and was mainly attributed to the positive effect of PUFA on membrane and 

tissue functionality at low Tb and the resulting ability to stay torpid deeper, longer and more 

frequently (for review see Munro and Thomas 2004). 

Although SDT expression is clearly modulated by factors that challenge the hamsters’ energy 

balance, early experiments by Heldmaier and Steinlechner (1981b) revealed that the 

expression of SDT also occurs without any energetic challenge, i.e. at thermoneutrality and 

with abundant food. Thus, it has to be assumed that the expression of SDT a) is a least partly 

based on a certain genetic predisposition resulting in an individual endogenous readiness for 

torpor (Ruf et al. 1993) and b) might have other functions beyond energy saving. These 

assumptions are especially important with regard to the high variability of SDT frequency 

among hamsters with a comparable body constitution under identical environmental 

conditions (Ruf et al. 1991).  

 

 

1.6. Objectives 

 

Beside seasonal SDT expression, Djungarian hamsters also show fasting-induced torpor (FIT) 

in response to moderate long-term food restriction (Ruby and Zucker 1992, Steinlechner et al. 

1986). As FIT is exclusively expressed in response to an energetic challenge, a comparison of 

FIT and SDT is expected to offer new information on how to classify SDT in its role as 

energy saving mechanism. The second chapter provides an overview of the similarities and 

differences of SDT and FIT expression in Djungarian hamsters, with a focus on seasonality, 

body constitution and reproductive state, as well as circadian organization and individual 

torpor bout characteristics. 

The third chapter further completes the comparison of SDT and FIT in terms of metabolic rate 

and metabolic substrate utilization and attempts to classify the role of SDT and FIT as 

differing regulatives of energy balance. An additional study of this chapter raises the question 

of whether the torpor-facilitating effect of food restriction in SP-acclimated hamsters can 
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really be explained by an increased SDT frequency, or whether the food restriction induced 

additional FIT bouts as response to an acute energy challenge. 

As both SDT and FIT are influenced by the amount of food intake, chapter four describes 

potential photoperiod-induced as well as fasting-induced changes in intestinal length and 

mucosal nutrient transport capacity and issues whether an improved nutrient uptake and thus 

energy yield might affect the need for torpor expression. 

Apart from the comparison of SDT and FIT, chapter five elucidates another aspect of SDT 

expression in Djungarian hamsters. In two studies, diets differing in PUFA composition were 

used to examine the effects on the frequency of SDT in Djungarian hamsters. In contrast to 

earlier studies, it will be investigated whether the ratio of n-6 to n-3 PUFA affects torpor 

expression, whereby the hamsters’ individual choice of a preferred ratio will be of special 

interest.  

The sixth chapter is devoted to the effect of a semi-natural cycle of Ta on SP acclimation and 

SDT expression in adult as well as juvenile Djungarian hamsters. The results shall a) 

characterize more precisely the ontogenetic aspect of SDT expression and b) reveal whether 

the effect of a more natural daily change in Ta might differ from that of constantly lowered Ta. 

 

During the last years, scientific interest focused on the molecular, biochemical and 

neuroendocrinological mechanisms underlying daily torpor (Bouma et al. 2011, Melvin and 

Andrews 2009) not at least because this research might provide support in dealing with 

toxicity- or therapeutically-induced human hypothermia (Gordon 2001). However, even with 

these new insights, there are still basic ecophysiological questions to be answered. In the 

present study, we address questions that especially concern SDT in its role as energy saving 

mechanism, based on whole-animal-physiology. In addition, we ask whether different 

responses to environmental factors that challenge energy balance might be responsible for the 

high interindividual variability in SDT expression in Djungarian hamsters. 
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Many small homeothermic mammalian species exhibit seasonal changes in their intestinal 

morphology and function in order to increase energy yield from their food resources that are 

usually severely reduced during the temperate zone winter. These changes mostly occur in 

form of an increased intestinal size and thus absorptive surface area or and enhanced mucosal 

nutrient transport capacity. We investigated whether Djungarian hamsters also profit from a 

seasonal increase in nutrient absorption in addition to their numerous physiological and 

morphological acclimatizations to decrease energy expenditure. Thus, we compared intestinal 

length and mucosal electrogenic transport capacity between long photoperiod- and short 

photoperiod- acclimated hamsters. As the expression of spontaneous daily torpor in these 

hamsters represents an energy saving mechanism that is closely related to the quantity and 

quality of ingested food, we hypothesized that the variable torpor expression patterns might 

also be influenced by an individual nutrient uptake capacity. The measurement of electrogenic 

mucosal transport did neither indicate seasonal changes in nutrient uptake capacity, nor any 

relationship between nutrient uptake and torpor expression. However, a significantly 

increased relative intestinal length in the short photoperiod-acclimated hamsters led to the 

assumption that the animals possess an increased intestinal absorptive surface as a result of 

their seasonal body mass reduction. However, we considered this rather indirect effect to be 

of minor importance for maintaining a positive energy balance during winter. In addition, we 

measured the same parameters in long-term food-restricted hamsters under long photoperiod 

that showed fasting-induced torpor as different form of heterothermia in Djungarian hamsters. 

In addition to an increased relative intestinal length, the hamsters had a higher electrogenic 

mucosal transport capacity for glucose, which showed a trend towards a negative correlation 

with the frequency of fasting-induced torpor expression. In contrast to other small mammals, 

Djungarian hamsters did not suffer from fasting-induced intestinal atrophies or malfunction, 

but were able to acclimate to the reduced food conditions. Finally, these conditions led to the 

expression of fasting-induced torpor as an acute response towards the lack of energy, which 

seemed to decrease in frequency when nutrient uptake capacity was increased. 
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4.1. Introduction 

 

During the temperate zone winters, the decline in food and thus energy resources is one of the 

main challenges endothermic mammals are faced with as they need a constant energy supply 

to defend their high body temperature. Consequently, the survival under the harsh winter 

conditions is only possible by a decrease in energy expenditure or an increase in energy yield. 

The major part of the numerous winter acclimatizations in endothermic mammals aims to 

reduce energy expenditure, which can be achieved by the reduction of reproductive activity or 

the decrease of heat loss via the moult into a better insulating winter fur, nest building or 

social huddling (overview in Heldmaier 1989). Furthermore, hibernation and daily torpor are 

two forms of controlled and voluntary decrease in metabolism and body temperature that 

represent an important mechanism to reduce energy expenditure by partially escaping from 

energy demanding euthermia (Ruf and Geiser 2014). In contrast, acclimatizations to increase 

energy yield are less common. On the one hand, preventive food hoarding can increase energy 

availability at times of scarcity (Vander Wall 1990), but on the other hand, it can also be 

beneficial to increase the amount of energy that can be obtained from food. On the level of 

digestion and absorption, the cricetid rodent Abrothrix andinus combines two major 

mechanisms that increase nutrient uptake from a given amount of food. In preparation for the 

winter in the Andes, characterized by low ambient temperatures as well as low food quality 

and quantity, these mice increase the mass and volume of their intestinal tract, resulting in a 

larger absorptive surface area (Karasov and Diamond 1983). In addition, the animals show an 

increased mucosal transport capacity for D-glucose and L-tyrosine (Bozinovic and Iturri 

1991). A seasonality of intestinal tract size could be demonstrated for several other small 

rodent species, whereby all studies reported an increase in length, mass, volume or surface 

area with upcoming winter or in response to low ambient temperatures and low food quality 

as an artificial substitute of adverse winter conditions (Green and Millar 1987; Hammond 

1993; Derting and Noakes III 1995; Chi and Wang 2011). Especially in small homeotherms 

that neither migrate nor become torpid, these structural and physiological changes in favour of 

an increased nutrient absorption serve as an essential mechanism to compensate for the 

decreased energy availability during times of increased energy expenditure (Bozinovic and 

Iturri 1991). However, it seems unlikely that heterothermia in form of hibernation and daily 



Chapter 4  20 
 

torpor necessarily exclude seasonal intestinal changes, as winter acclimatization always 

comprises multiple morphological, physiological and behaviour adjustments (Heldmaier and 

Lynch 1986). Thus it should be interesting to see whether, and if so, how mechanisms to 

decrease energy expenditure work together with mechanisms to increase energy yield. 

Hibernators like 13-lined ground squirrels (Spermophilus tridecemlineatus), European 

hamsters (Cricetus cricetus) or alpine marmots (Marmota marmota) show a reduction of 

intestinal tissue during their hibernation season (Galluser et al. 1988; Carey 1990; Carey 

1992; Carey and Sills 1992; Hume et al. 2002). However, hibernation is characterized by the 

complete cessation of food intake and processing, whereby animals obtain energy from 

internal fat stores (Kenagy 1989). During these periods of extreme fasting, the hibernators can 

save additional energy by reducing the intestinal tract as a metabolically expensive organ 

(Stevens and Hume 1995). Interestingly, the mucosal transport mechanisms at euthermic body 

temperatures remain intact (Carey 1990; Carey 1992; Carey and Sills 1992). But still, the 

absence of intestinal contents during fasting is considered to be the main reason for the 

observed multifaceted mucosal atrophies, as it has been shown for many non-hibernating 

species (Gleeson et al. 1972; Debnam and Levin 1975; Hughes and Dowling 1980; Kotler et 

al. 1981; Karasov and Diamond 1983).  

In contrast, smaller endotherms such as the Djungarian hamster are not able to accumulate a 

sufficient amount of internal energy stores to survive the winter in deep hibernation 

(Heldmaier 1989). Consequently, they need to forage for food during their activity phase and 

use spontaneous daily torpor (SDT) as a shorter and shallower form of reduced metabolism 

and body temperature to save energy during their daily resting phase (Ruf and Heldmaier 

2000). Although SDT occurs under thermoneutral conditions and with abundant food 

(Heldmaier and Steinlechner 1981), energetic challenges like low ambient temperatures or 

reduced food availability have been shown to facilitate torpor expression (Ruf et al. 1993). 

Regarding the diverse acclimatization mechanisms in Djungarian hamsters (for review see 

Scherbarth and Steinlechner 2010), it seems surprising that almost no attention has been paid 

on a potential acclimatization of the animals’ intestinal structure and function. 

In the following study, we investigated the effect of short photoperiod (SP) acclimation on 

intestinal size and mucosal electrogenic nutrient transport capacity of the small intestine in 

Djungarian hamsters and searched for a potential relationship between the frequency of 
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spontaneous daily torpor (SDT) and absorption capacity. As the hamsters face a lack of food 

resources during winter, we expected the nutrient uptake to be enhanced under SP exposure. 

This could be achieved via an increase in intestinal size, an increase in mucosal transport 

capacity and/or a combination of both. Furthermore, we assumed that a higher individual 

nutrient transport capacity and thus a higher energy yield from a given amount of food might 

decrease the need for SDT expression. Based on the described effect of fasting on intestinal 

structure and function in homeotherms as well as heterotherms, we measured the same 

parameters in long photoperiod-exposed hamsters under moderate long-term food restriction, 

which causes another form of daily torpor in Djungarian hamsters, namely the fasting-induced 

torpor (FIT; for review see Diedrich and Steinlechner 2012).  

 

 

4.2. Material and Methods 

 

4.2.1. Animals 

All Djungarian hamsters originated from the laboratory breed in the Institute of Zoology of 

the University of Veterinary Medicine in Hannover, Germany (~52° N latitude). They were 

born and raised under natural photoperiodic and thermal conditions. Since weaning, the 

animals were kept individually in Makrolon Type II cages (16.5 x 22.0 x 14.0 cm) and 

received food (Altromin hamster breeding diet 7014, Lage, Germany) and tap water ad 

libitum (AD) unless otherwise stated. They were additionally supplemented with apple, sun 

flower seeds and oat flakes once per week. During the experiments supplementary feeding 

was suspended and only hamster chow was fed.  

Animal husbandry and all experiments were in accordance with the German Animal Welfare 

Act and approved by the Lower Saxony State Office for Consumer Protection and Food 

Safety (11/0372). 

 

4.2.2. Experimental setup 

36 female Djungarian hamsters were transferred to artificial long photoperiod (LP; 16h of 

light, 8h of darkness) and a constant ambient temperature (Ta) of 18 ± 1°C. For the following 

20 days under the new environmental and feeding conditions body mass development and 
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daily food intake were measured. According to these results, the animals were assigned to two 

weight-matched groups. Twelve animals stayed in LP (group LP-AD), 24 animals were 

transferred to artificial short photoperiod (SP; 8h of light, 16h of darkness; group SP-AD) in 

order to induce winter acclimation and SDT expression. Before the beginning of the 

experiment, all SP-hamsters were i.p.-implanted with temperature-sensitive RFRD 

transponders (11x2 mm; 0.1 g) (IPTT-300, Bio Medic Data Systems Inc., Delaware, USA) 

under isoflurane anaesthesia. These transponders allowed for the acute measurement of core 

body temperature (Tb) from outside the cages with a hand-held Reader (DAS-7009, BMDS) 

and thus the assessment of SDT. 

For the next 13 weeks, the hamsters’ body mass, food intake and fur index were measured in 

ten-day-intervals. The fur index is a measure for the degree of winter moult in SP-exposed 

Djungarian hamsters and ranges form 1 (complete greyish-brown summer fur) to 6 (complete 

white winter fur) (Figala et al. 1973). Three hamsters had to be removed from the study as 

they showed no signs of SP-acclimation such as body mass reduction or moult. 

From week six, all SP-exposed hamsters were checked for SDT expression once per day until 

the end of the experiment after week 13. Four hours after the beginning of the light phase, Tb 

was measured and all hamsters with Tb < 32°C were considered as torpid (Ruf et al. 1989; Ruf 

et al. 1991; Ruf et al. 1993).  

In week 14, all hamsters were sacrificed via CO2-inhalation within the first hours of their 

resting phase. 

In addition, twelve female Djungarian hamsters were transferred to artificial LP and a 

constant Ta of 18 ± 1°C and were subjected to a special food restriction paradigm (FR) in 

order to induce FIT expression (group LP-FR). All hamsters were provided with a small 

wooden nest box (7 · 5 · 5 cm, l · w · h, inner size) for the continuous measurement of body 

surface temperatures (Ts). A small infrared thermometer (MLX90614ESF-BAA; Melexis 

Microelectronic Systems, Ieper, Belgium) with a coverage angle of 90° was fixed to a whole 

in the middle of the top (distance of ~2.5 cm between sensor and the hamsters’ back) of each 

nest box and was connected to a microcontroller board (Leonardo, Arduino). The resolution 

and accuracy of the thermometers were 0.02°C and 0.5°C, respectively. Ts values were stored 

every minute on a personal computer. The visual inspection of the resulting Ts curves allowed 
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for a reliable detection of torpor bouts (for validation of torpor registration see Diedrich et al. 

2014b). 

During the next two weeks, body mass and daily food intake were determined, while the 

hamsters could get used to the new housing conditions. All hamsters immediately accepted 

the nest box and used it for their resting phases and consequently FIT expression. For the 

following five weeks, the hamsters’ body mass was determined on a weekly base. 

During week one of the experiment, all hamsters were food-restricted by 70% of their 

individual ad libitum daily food intake. For further four weeks, food restriction was lowered 

to 40% of the hamsters’ initial daily food intake. Additional feeding (+10%) was provided 

when an animal had lost more than 25% of its initial body mass. Food rations were offered 

daily directly in the cages, nine hours before the beginning of the dark phase. This time point 

was chosen because we know form former studies on FIT that the torpor bouts usually started 

15-16h after feeding (Diedrich et al. 2014a). With the applied feeding schedule of this study, 

we intended to induce FIT with the beginning of the following light phase in order to 

synchronize the time point of torpor expression with the first experiment. 

With the end of week five, all hamsters were sacrificed via CO2 inhalation in the first hours of 

their resting phase. 

 

4.2.3. Sampling 

The hamsters of both experiments were subjected to the same experimental and analytical 

protocols described below. 

The whole intestinal tract (pylorus to rectum) was removed from the peritoneal cavity and 

cleared from mesenterial tissue. Small intestine, caecum and colon lengths were measured to 

the nearest of 0.5 cm. For electrophysiological measurements, four small intestine samples 

with a length of 2 cm each were taken from distal, beginning at the ileocecal valve. Until 

mounting, the tissue was kept in serosal buffer solution at 4°C, gassed with carbogen (95% 

O2, 5% CO2; for detailed composition see 4.2.4.). Each sample was sliced along the 

mesappendix, rinsed with ice-cold physiological saline and the mucosa was stripped from the 

underlying muscle layers. Finally, the mucosal tissue was mounted into an Ussing chamber 

with an aperture of 0.3 cm
2
.  
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4.2.4. Electrophysiological measurements 

 

a) Buffer solutions 

On the mucosal side, the Ussing chamber contained 10 ml of buffer with the following 

composition (mmol l
-1

): NaCl 113.6, KCl 5.4, CaCl2 1.2, MgCl2 1.2, Na2HPO4 1.5, NaHCO3 

21.0, mannitol 2.0 and HEPES 20.0. The buffer on the serosal side (10 ml) consisted of 

(mmol l
-1

): NaCl 113.6, KCl 5.4, CaCl2 1.2, MgCl2 1.2, Na2HPO4 1.5, NaHCO3 21.0, glucose 

10.0, mannitol 2.0, HEPES 7.0 and Na-gluconate 6.0. Both buffer solutions had an osmolarity 

of 300 mosmol l
-1

. They were adjusted to a pH of 7.4 and were gassed continuously with 

carbogen at 37°C. Indomethacin (10 µmol l
-1

) was added to both buffer solutions to prevent 

endogenous prostaglandin production in the tissue. 

 

b) Measurement of mucosal electrogenic transport 

All measurements were performed under short-circuit current conditions using a computer 

controlled voltage clamp (Mussler Scientific Instruments, Aachen, Germany). Short-circuit 

currents (Isc in µeq cm
-2

 h
-1

) and transepithelial tissue conductances (Gt in mS cm
-2

) were 

determined as previously described and continuously stored on a computer in 6-s-intervals 

(Leonhard-Marek et al. 2009). 

After equilibration time of 30 min, 5 mmol l
-1

 of alanine, 5 mmol l
-1

 of glucose and 10 mmol 

l
-1

 glucose were added on the mucosal side in 15 min steps. Both alanine as representative 

amino acid and glucose were used to induce mucosal sodium-coupled electrogenic transport 

mechanisms and, thus, a corresponding increase in Isc. In addition, 0.01 mmol l
-1

 forskolin 

(Sigma Aldrich, Taufkirchen, Germany) were added on the serosal side of the system to 

evoke a maximum increase in Isc via cAMP-induced Cl
-
 secretion on the mucosal side. This 

secretory response was used to evaluate the viability of the mounted mucosal tissue at the end 

of each experiment (Brown et al. 1990). Finally, administration of 0.5 mmol l
-1

 5-nitro-2-(3-

phenylpropylamino)benzoic acid (NPPB; Sigma Aldrich, Taufkirchen, Germany) inhibited 

the secretory response to forskolin, thus decreasing Isc back to base line values. 
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Figure 4.1: Example of electrogenic transport measurement. Short circuit current (Isc) and 

transepithelial tissue conductance (Gt) after administration of 5 mmol l
-1

 alanine (Ala), 5 mmol l
-1

 

glucose (Glu1), 10 mmol l
-1

 glucose (Glu2), 0.01 mmol l
-1

 forskolin (Forsk) and 0.5 mmol l
-1

 NPPB 

(marked by dashed lines). 

 

 

4.2.5. Data analysis and statistics 

For determination of the change in Isc, the difference between the constant basal Isc 

measurement before and the constant Isc measurement after the respective nutrient 

administration was calculated (ΔIsc). At the second measurement point, the respective Gt was 

determined. Single values of each of the four mucosal samples were averaged per animal (Fig. 

4.1). 

The torpor frequency is given as the number of relative number of torpor bouts per 

observation interval (weekly = over 7 days; overall = over the whole experimental period). 

All data are expressed as group mean values ± SEM. Three groups were analyzed via one-

way ANOVA for independent and via Repeated Measures (RM) ANOVA for dependent 

samples, followed by the Student-Newman-Keuls (SNK) post-hoc test. Two groups were 

compared via t-test. Potential correlations were determined with the Pearson correlation 

coefficient. A p-value < 0.05 was considered as significant, a p-value <0.1 was considered as 

trend. The statistical analysis was performed with STATISTICA© 6.1. (StatSoft Inc. 1984-

2004). 
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4.3. Results 

 

4.3.1. Body mass development and fur index 

The hamsters of group LP-AD had a stable average body mass of 35.0 ± 1.3 g. In contrast, FR 

as well as SP exposure led to a reduction in body mass with final values of 25.8 ± 0.5 g in 

group LP-FR and 27.5 ± 0.6 g in group SP-AD (Fig. 4.2 A). Both groups showed a 

significantly higher relative body mass reduction, compared to group LP-AD (0.8 ± 2.8%; 

ANOVA, F(2, 42) = 40.5, p < 0.001; SNK test: p <0.001 for LP-FR and SP-AD; Fig. 4.2 B). 

However, there was only a trend towards a higher relative body mass reduction in group LP-

FR (LP-FR: 27.1 ± 1.3% vs. SP-AD: 21.9 ± 1.8%; SNK test: p = 0.074; Fig. 4.2 B).  

While both LP groups did not change their summer fur, group SP-AD showed moult into a 

white winter fur (fur index: 2.9 ± 0.15). 

 

 

Figure 4.2: Body mass acclimation in the three treatment groups. (A) Course of body mass in the 

three treatment groups (mean values ± s.e.m.). Group LP-AD (n = 12) and group LP-FR (n = 12) had 

been exposed to a long photoperiod (LD 16:8) either under ad libitum feeding (AD) or under 70% 

food restriction for the first seven days (FR-70), followed by 40% food restriction (FR-40) for the next 

28 days (see grey bar). Group SP-AD (n = 21) had been exposed to a short photoperiod (LD 8:16; see 

white bar) under ad libitum feeding. (B) shows the mean maximum body mass reduction (± s.e.m.) in 

the three different treatment groups. Significant differences are marked by asterisks (***p < 0.001). 

 

4.3.2. Food intake 

Hamsters of the LP-AD group had a mean daily food intake of 4.2 ± 0.2 g (Fig. 4.3). 

Compared to this group, the food intake of group LP-FR was artificially reduced by 42% 

down to 3.0 ± 0.1 g per day, accounting for a significant difference (ANOVA, F(2, 42) = 35.9, p 
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< 0.001; SNK test: p < 0.001; Fig. 4.3). In group SP-AD, the mean daily food intake of 3.6 ± 

0.1 g also differed significantly from that of group LP-AD (SNK test: p < 0.001; reduction of 

10%), but was still significantly higher when compared to group LP-FR (SNK test: p < 0.001; 

Fig. 4.3). In group SP-AD, the hamsters’ relative body mass reduction was negatively 

correlated with their daily food intake (Pearson correlation: R
2
 = 0.53, p < 0.001).. 

 

 

Figure 4.3: Mean daily food intake (± SEM) during the last week of the experiment in the three 

different treatment groups under long photoperiod and ad libitum feeding (LP-AD), long photoperiod 

and food restriction (LP-FR) and short photoperiod and ad libitum feeding (SP-AD). Asterisks mark 

significant differences (***p < 0.001). 

 

4.3.3. Intestinal lengths 

The comparison of the absolute lengths of small intestine, caecum and colon revealed no 

significant differences between the three treatment groups (Fig. 4.4 A). However, when 

relating the tissue length to body mass, it became obvious that hamsters of the LP-AD group 

showed significantly lower relative lengths in all intestinal compartments (Fig. 4.4 B). In 

group LP-AD the small intestine had a mean length of 0.8 ± 0.03 cm g
-1

, compared to 1.1 ± 

0.02 cm g
-1

 in group LP-FR and 0.99 cm g
-1

 in group SP-AD (ANOVA: F(2, 42) = 32.5, p < 

0.001, SNK test: p < 0.001 for LP-FR and SP-AD; Fig. 4.4 B). For this tissue, the latter two 

groups also differed significantly from each other with group LP-FR showing the highest 

relative length (SNK test: p = 0.004). The relative caecum length was identical in group LP-

FR and group SP-AD (0.16 ± 0.01 cm g
-1

), but significantly higher compared to group LP-AD 

(0.12 ± 0.01 cm g
-1

; ANOVA: F(2, 42) = 13.1, p < 0.001; SNK test: p < 0.001 from LP-FR and 

SP-AD; Fig. 4.4 B). Hamsters of the LP-AD group had a relative colon length of 0.39 cm g
-1

, 
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which was significantly shorter than the relative colon length of the hamsters in group LP-FR 

(0.53 ± 0.01 cm g
-1

) and SP-AD (0.48 ± 0.01 cm g
-1

) (ANOVA: F(2, 42) = 29.4, p < 0.001; SNK 

test: p < 0.001 from LP-FR and SP-AD; Fig. 4.4 B). Regarding the colon length, these two 

groups again differed significantly form each other, whereby the highest values could be 

measured in group LP-FR (SNK-test: p = 0.007). 

 

 

Figure 4.4: (A) Mean (± SEM) absolute length of the three major intestinal compartments, compared 

between the treatment groups under long photoperiod and ad libitum feeding (LP-AD, n = 12), long 

photoperiod and food restriction (LP-FR, n = 12) and short photoperiod and ad libitum feeding (SP-

AD, n = 21). (B) Mean (± SEM) length of the intestinal compartment in relation to the hamsters’ final 

body mass. Asterisks mark significant differences (**p < 0.01, ***p < 0.001). 

 

4.3.4. Mucosal electrogenic transport 

The measurements of mucosal electrogenic transport were performed under basal conditions 

that did not differ between the treatment groups (LP-AD: Isc = 3.39 ± 0.43 µeq cm
-2

 h
-1

, Gt = 

37.45 ± 2.27 mS cm
-2

; LP-FR: Isc = 3.03 ± 0.26 µeq cm
-2

 h
-1

, Gt = 39.1 ± 2.3 mS cm
-2

; SP-

AD: Isc = 4.01 ± 0.3 µeq cm
-2

 h
-1

, Gt = 37.32 ± 1.63 mS cm
-2

). 

After administration of 5 mmol l
-1

 alanine, a trend towards a higher change in Isc was 

measured in group LP-FR (1.28 ± 0.16 µeq cm
-2

 h
-1

) when compared to group LP-AD (0.77 ± 

0.12 µeq cm
-2

 h
-1

; ANOVA: F(2, 42) = 2.7, p = 0.077; SNK test: p = 0.042; Fig. 4.5 A). The 

change in Isc of group SP-AD (1.07 ± 0.13 µeq cm
-2

 h
-1

) did not differ from that of the other 

two groups. The change in Isc induced by the administration of 5 mmol l
-1

 glucose was 

significantly higher in group LP-FR (2.09 ± 0.15 µeq cm
-2

 h
-1

) compared to that of group LP-

AD (1.38 ± 0.08 µeq cm
-2

 h
-1

; ANOVA: F(2, 42) = 24.1, p = 0.023; SNK test: p = 0.01; Fig. 4.5 

A). However, neither group SP-FR nor group SP-AD differed from group SP-AD (1.72 ± 0.17 
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µeq cm
-2

 h
-1

) in their change in Isc. The administration of additional 10 mmol l
-1

 glucose did 

not further increase the change in Isc in any of the treatment groups (RM-ANOVA: F(4, 84) = 

0.4, p = 0.774). 

The analysis of the respective Gt revealed no significant differences, neither among the 

treatment groups nor among the administered nutrients (Fig. 4.5 B). 

 

 

 

Figure 4.5: (A) Mean (± SEM) change in short-circuit current (Δ Isc) and (B) corresponding 

transepithelial tissue conductance (Gt), induced by the administration of 5 mmol l
-1

 alanine, 5 mmol l
-1

 

glucose and 10 mmol l
-1

 glucose in 15-min-intervals. Comparison between the treatment groups under 

long photoperiod and ad libitum feeding (LP-AD, n = 12), long photoperiod and food restriction (LP-

FR, n = 12) and short photoperiod and ad libitum feeding (SP-AD, n = 21). A trend is marked by (*) 

(ANOVA with p = 0.077 and SNK with p = 0.042), a significant difference is marked by asterisks 

(**p < 0.01). 

 

4.3.5. Torpor expression 

In response to SP exposure, 79% (15 out of 19) of all hamsters in group SP-AD expressed 

SDT. The torpor season started after 67 ± 4 days (week 10) in SP, whereby some hamsters 

showed SDT already in week 6 (Fig. 4.6 A). In group LP-FR, 92% (11 out of 12) of all 

hamsters showed FIT after 13 ± 2 days of FR and thus during the FR-40 period (Fig. 4.6 B). 

The comparison of the overall torpor frequency revealed a significantly higher expression rate 

of FIT (LP-FR 23.6 ± 4.2%) compared to SDT (11.6 ± 2.5%; t-test: t = -2.6, p < 0.014; Fig. 

4.6 C) during the respective interval of observation. 

In group SP-AD, the overall SDT frequency was negatively correlated to the animals’ daily 

food intake, i. e. the hamsters with the highest food intake showed the lowest SDT expression 

(Pearson correlation: R
2
 = 0.51, p < 0.05; Fig. 4.7). 
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Figure 4.6: Mean (± SEM) weekly torpor frequency of (A) hamsters under short photoperiod and ad 

libitum feeding (SP-AD, n = 21) showing spontaneous daily torpor (SDT) and (B) hamsters under long 

photoperiod and food restriction (LP-FR, n = 12) showing fasting-induced torpor (FIT). (C) shows the 

overall torpor frequency of the two groups during the respective observation period (SP-AD: 7 weeks 

and LP-FR: 5 weeks). Significant difference is marked by an asterisk (*p < 0.05). 

 

 

Figure 4.7: Relationship between spontaneous daily torpor (SDT) frequency and daily food intake in 

group SP-AD under short photoperiod and ad libitum feeding (correlation, black line), as well as 

fasting-induced torpor (FIT) and daily food intake in group LP-FR under long photoperiod and food 

restriction (no correlation). 

 

Neither FIT frequency in group LP-FR nor SDT frequency in group SP-AD showed any 

significant correlation with the change in short-circuit current after administration of alanine 

or glucose, except for a trend towards a negative correlation between FIT frequency and 

glucose-induced change in short-circuit current (5 mmol l
-1

; Pearson correlation: R
2
 = 0.3, p = 

0.068; Fig. 4.8 B).  
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Figure 4.8: Individual torpor frequency plotted against the individual mean (± SEM) change in short 

circuit current (Δ Isc) after administration of 5 mmol l
-1

 alanine, 5 mmol l
-1

 glucose and 10 mmol l
-1

 

glucose in (A-C) group LP-FR  (n = 12) showing fasting-induced torpor (FIT) and (D-F) group SP-

AD (n = 21) showing spontaneous daily torpor (SDT). 

 

 

4.4. Discussion 

 

In the present study, we investigated intestinal length as well as mucosal electrogenic 

transport in the small intestine of LP- as well as SP-exposed Djungarian hamsters. With this 

approach, we wanted to find out whether the hamsters’ intestinal structure and function 

showed signs of SP acclimation in favour of energy assimilation and whether their intestinal 

absorptive capacity for alanine and glucose might be related to their individual SDT 

expression frequency.  

In general, hamsters under SP-exposure showed the expected reduction in body mass and 

food intake, as well as the beginning of the winter moult when compared to LP-exposed 

hamsters (Scherbarth and Steinlechner 2010). Furthermore, the expression of SDT started 

after seven to eight weeks of SP-exposure and reached a frequency of 30% at the end of the 

experiment (compare Heldmaier and Steinlechner 1981). In contrast to these acclimations, we 

could not find any SP-induced changes in mucosal electrogenic transport capacity for both 

nutrients we tested, neither for alanine, nor for glucose. However, acclimation became visible 
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when comparing the length of the different intestinal compartments. While the absolute length 

did not differ, the relative length of small intestine, caecum and colon was significantly 

increased in SP-exposed hamsters. As SP-induced reduction in energy intake and 

consequently body mass (Knopper and Boily 2000) did not imply intestinal atrophy, the SP-

acclimated Djungarian hamsters possessed a relatively larger small intestine and presumably a 

larger absorptive mucosal surface to offer energy supply for a smaller body. Thus, an 

additional increase in electrogenic mucosal transport capacity might not be necessary to 

further increase energy yield, especially when considering that active transport also consumes 

energy. An increase in intestinal tissue mass is considered to be responsible for an increased 

nutrient uptake capacity (Hammond and Wunder 1995), while an increase in intestinal length 

is thought to offer the possibility of holding more digesta (Chi and Wang 2011). 

Consequently, we can assume that a potential improvement of nutrient absorption efficiency 

in SP-exposed Djungarian hamsters may result from an increased meal retention time 

(Clemens and Stevens 1980). For the Djungarian hamster, the mechanism to increase energy 

yield seems to be a side effect of SP-acclimation, while other rodent species like the closely 

related Phodopus roborowski or representatives of the genus Peromyscus and Microtus seem 

to “actively” increase absolute intestinal length or mass (Green and Millar 1987; Hammond 

1993; Derting and Noakes III 1995; Chi and Wang 2011). However, as most of these species 

also reduce their body mass during autumn and winter, we can expect their relative intestinal 

measures and thus absorptive capacities to be even more pronounced (Moffatt et al. 1993; 

Blank et al. 1994; Derting and Noakes III 1995; Feoktistova and Meschersky 2005). In this 

context, we have to keep in mind that the intestinal increase in these species was induced 

either by low ambient temperature and/or low food quality, or by natural seasonal changes, i. 

e. under considerable energetic challenge. In contrast, SP-exposure alone led to increase in 

relative intestinal length in the Djungarian hamsters. Thus, it would be interesting to see 

whether energetically challenged SP-exposed hamsters would be able to additionally increase 

their intestinal dimensions or mucosal absorptive capacities.  

Djungarian hamsters voluntarily reduce their food intake during SP acclimation in order to 

decrease their body mass to a lowered, energy efficient winter set point (Steinlechner et al. 

1983; Heldmaier 1989; Knopper and Boily 2000; Lovegrove 2005). A further reduction of 

food availability below this precisely regulated set point resulted in a negative energy balance, 
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which the hamsters compensated with an increased SDT expression (Ruf et al. 1993; Diedrich 

et al. 2014a). Interestingly, the individually reduced food intake during SP under ad libitum 

conditions was shown to negatively correlate with SDT frequency (Ruf et al. 1991). Although 

we could confirm this relationship in the present study, this model explained only 50% of the 

prevalent variability in SDT frequency. Based on the close connection between energy intake 

and SDT expression, we assumed a high SDT frequency to be additionally correlated with a 

low or suboptimal energy uptake efficiency on the level of absorptive surface size and/or 

mucosal nutrient absorption. However, we could not find any correlation between the 

hamsters’ individual SDT frequency and (absolute or relative) intestinal size or electrogenic 

mucosal transport capacity. Thus, in contrast to many homeothermic species (Karasov and 

Diamond 1983; Bozinovic and Iturri 1991; Hammond 1993; Derting and Noakes III 1995; 

Chi and Wang 2011), a seasonal improvement of energy yield from a given amount of food is 

of minor importance for maintaining a positive energy balance in Djungarian hamsters, at 

least at the level of nutrient absorption. 

In parallel to the SP-exposed hamsters, we also investigated a group of food-restricted 

hamsters under LP. These animals showed a faster body mass reduction and FIT occurred 

only after one week of food restriction. In 2012, we reported the most important differences 

between these two types of torpor in Djungarian hamsters in terms of regulation, circadian 

organization and body constitution (Diedrich and Steinlechner 2012). Together with 

metabolic data of a recent study (Diedrich et al. 2014a), we concluded that SDT is as flexible 

tool to maintain a long-term energy balance, while FIT serves as a stand-alone response to 

acute energetic challenges. With the results of the present study, we can show an additional 

difference in terms of food processing. While acclimation to SP did not influence the mucosal 

electrogenic transport capacity for alanine or glucose, acclimation to long-term reduced food 

availability resulted in a higher transport capacity for glucose compared to ad libitum fed 

hamsters. Thus we assume that especially reduced food availability can influence mucosal 

transport in Djungarian hamsters and that this effect might not be part of SP-acclimation, but 

of winter-acclimatization including reduced day length, ambient temperature and food 

resources. In addition, we found at least a trend towards a negative correlation between FIT 

frequency and mucosal electrogenic transport capacity for glucose. In other words, with a 

higher glucose uptake from a given reduced amount of food, an individual hamster does not 
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need a high FIT frequency to compensate for the energetic deficit. This indicates again that 

FIT occurs more directly in response to acute energetic challenge, while SDT is an integrated 

mechanism to maintain long-term energy balance (Heldmaier and Lynch 1986; Diedrich et al. 

2014a).  

Surprisingly, food restriction did not lead to intestinal atrophy, but also resulted in a 

significantly higher relative length of the small intestine. Although it is conceivable to 

maintain intestinal integrity during times of food scarcity in order to effectively process food 

when it is available again, food restriction in homeotherms has been shown to reduce 

intestinal mucosal mass and to impair mucosal activity and transport function (reviewed in 

Ferraris and Carey 2000). These studies were, however, characterized by complete food 

removal, while the hamsters of the present study received a small food portion every day. The 

absence of luminal content has been proofed to be responsible for food restriction-induced 

atrophies (Gleeson et al. 1972; Debnam and Levin 1975; Hughes and Dowling 1980; Kotler et 

al. 1981; Karasov and Diamond 1983). Thus long-term moderate restriction might prevent the 

described pathological effects. This conclusion is supported by unpublished preliminary data 

of Djungarian hamsters under long-term moderate or short term complete food restriction (see 

appendix 1). While the complete food removal for two days evoked a significant reduction in 

small intestinal dry mass, long-term restricted hamsters had a similar intestinal mass 

compared to their ad libitum-fed controls.  

Summing up, the results of the present study showed that SP-acclimation alone did not 

influence the electrogenic mucosal transport capacity in the small intestine of Djungarian 

hamsters. However, SP-exposure led to a relative increase in intestinal length and presumably 

in meal retention time, thus enhancing energy yield from the digested food. As this effect 

should be characterized as positive side effect among all other expressed SP acclimations, we 

assume that an improvement of energy yield is of minor importance for an optimal energy 

budget in Djungarian hamsters facing no energetic constraints. However, energetic challenges 

like low ambient temperature or food scarcity might evoke more pronounced intestinal 

changes to supplement energy saving mechanisms like SDT. It is important to note that our 

conclusions are based on measurements of electrogenic mucosal transport. The investigation 

of netto nutrient flux rates or the expression of e. g. non-electrogenic glucose transporters 

(GLUT2, Kellett et al. 2008) would be the next necessary step to characterize more precisely 
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potential changes in nutrient transport in response to acclimation processes in Djungarian 

hamsters.  
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4.6. Appendix 

 

Table 4.A1: Summary of preliminary study in male Djungarian hamsters. The animals had been 

monitored for five weeks under ad libitum feeding (AD), long-term food restriction (LT-FR; week 1: 

FR-70, week 2-5: FR-40) and acute food restriction (AC-FR; no food for 2 days). ANOVA and 

Student-Newman-Keuls post-hoc comparison for a) AD vs. LT-FR, b) AD vs. AC-FR and c) LT-FR 

vs. AC-FR. 

 
AD 

(n = 6) 

LT-FR 

(n = 6) 

AC-FR 

(n = 6) 

ANOVA and  

SNK post-hoc test 

     

abs. dry mass (mg)     

small intestine 166.3 ± 13.7 158.5 ± 4.9 111.5 ± 8.2 

F(2, 15) = 9.1 p = 0.003 

a) n.s. b) p = 0.004 

c) p = 0.004 

caecum 51.3 ± 4.3 39.3 ± 1.1 42.3 ± 2.2 

F(2, 15) = 4.5 p = 0.03 

a) p = 0.026 b) n.s. 

c) n.s. 

colon 44.8 ± 8.0 49.7 ± 1.8 40.8 ± 4.0 

F(2, 15) = 1.0 p = 0.381 

 

 

     

rel. dry mass (mg g
-1

)    

small intestine 8.1 ± 0.5 15.2 ± 1.5 6.6 ± 0.3 

F(2, 15) = 25.2 p < 0.001 

a) p < 0.001 b) p < 0.001 

c) p < 0.001 

caecum 2.5 ± 0.2 3.8 ± 0.4 2.6 ± 0.2 

F(2, 15) = 8.2 p = 0.004 

a) p = 0.007 b) n.s. 

c) p = 0.004 

colon 2.2 ± 0.4 4.7 ± 0.4 2.2 ± 0.5 

F(2, 15) = 11.3 p = 0.001 

a) p = 0.001 b) n.s. 

c) p = 0.002 
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In addition to morphological and physiological traits of short-day acclimatization, Djungarian 

hamsters (Phodopus sungorus) exhibit spontaneous daily torpor to decrease energy demands 

during the winter of Central Asia. Environmental factors such as food scarcity and low 

temperatures have been shown to facilitate the use of this temporal reduction in metabolism 

and body temperature. We investigated the effect of a daily cycle in ambient temperature on 

short-day acclimation and torpor expression in juvenile and adult Djungarian hamsters. The 

animals were exposed to a cold dark phase (6°C) and a warmer light phase (18°C) and were 

compared with control hamsters kept at a constant ambient temperature of 18°C. Under 

constant conditions, torpor expression did not differ between adult and juvenile hamsters. The 

daily temperature cycle evoked an increased metabolic rate in adult and juvenile hamsters 

during the dark phase. However, only juvenile hamsters responded to the changed 

environmental conditions by showing a decreased torpor frequency, depth and duration, as 

well as a shorted torpor season. Furthermore, juvenile hamsters that were cold-exposed during 

the dark phase showed an increased number of torpor interruptions coinciding with the rise in 

ambient temperature after the beginning of the light phase. This differing response might have 

resulted either from a higher sensitivity to disturbing exogenous stimuli in juvenile hamsters, 

or from a more efficient acclimation in  juvenile hamsters under additional energy challenges, 

thereby reducing the need for torpor expression.  

 

 

6.1. Introduction 

 

Maintaining a high body temperature (Tb) is a considerable energetic challenge for mammals. 

Especially small rodents, such as the photoperiodic Djungarian hamster (Phodopus sungorus), 

have to invest high amounts of energy to maintain a high Tb. This challenging energy demand 

can become a life-threatening risk when combined with extremely low Ta and reduced food 

availability during winter. However, several seasonal acclimatizations enable Djungarian 

hamsters to survive these harsh environmental conditions (for review, see Scherbarth and 

Steinlechner 2010). Well in advance of the upcoming winter, the hamsters start to reduce their 

body mass and moult into a better insulating white winter fur, which decreases heat 

dissipation and energy expenditure and thus reduces the total amount of food needed 
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(Heldmaier and Steinlechner 1981b, Kauffman et al. 2001, Steinlechner et al. 1983). 

Additionally the hamsters substantially improve their cold tolerance by increasing the 

capacity of non-shivering thermogenesis in their brown adipose tissue (Rafael et al. 1985a, 

1985b, Heldmaier et al. 1982a, 1982b). Together, these morphological and physiological 

changes reduce metabolic requirements during normothermia by about 35%. After ten to 

twelve weeks of exposure to short photoperiod (SP) captive Djungarian hamsters start to 

express spontaneous daily torpor, a brief phase of reduced metabolism and Tb, which usually 

is restricted to the animals’ resting phase during the day (Heldmaier and Steinlechner 1981a). 

The torpid animals save about 15% of energy compared to a day without torpor expression 

(Heldmaier and Steinlechner 1981a). The use of torpor strongly indicates that the other 

physiological and morphological acclimatizations alone are do not offer the possibility to stay 

normothermic all the time and it can be assumed that spontaneous daily torpor is a valuable 

and flexible tool for saving energy during times of severe cold load and food scarcity.  

Although exposure to SP alone is sufficient to induce torpor in Djungarian hamsters even 

under thermoneutral conditions and while food is abundant (Heldmaier and Steinlechner 

1981a), energetically challenging environmental conditions have been shown to facilitate 

torpor expression. Exposure to low Ta led to an advanced beginning of the torpor season, an 

increased torpor frequency as well as deeper and prolonged bouts of torpor (Ruf et al. 1993).  

Energetic constraints of autumn and winter might be even more challenging for juvenile 

hamsters born very late in the reproductive season (Flint 1966, Weiner and Gorecki 1982), as 

they can be expected to face unfavourable ambient conditions during their energy demanding 

ontogenetic development. Thus, every mechanism that reduces energy requirements should be 

beneficial and in fact, Bae and colleagues (2003) could show that juvenile Djungarian 

hamsters born in SP are able to use daily torpor voluntarily with approximately 13 weeks of 

age. 

Several groups already investigated the effect of constant cold exposure on torpor expression 

(Elliott et al. 1987, Ouarour et al. 1991; Ruf et al. 1993). In the present study we examined SP 

acclimation and torpor expression in juvenile and adult Djungarian hamsters in response to a 

semi-natural daily Ta cycle with cold dark phases and moderate warm light phases, especially 

considering the developmental process of the juvenile animals. According to previous studies 

describing a torpor-facilitating effect of constantly lowered Ta, we expected an increasing 
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metabolic rate due to the cold exposure during the dark phase to result in an increasing torpor 

expression with longer and deeper torpor bouts to compensate for higher energy demands. 

Furthermore, we also sought to characterize torpor expression in juvenile Djungarian 

hamsters kept at constant Ta and to compare the results to those from adult hamsters.  

 

 

6.2. Material and Methods 

 

6.2.1. Housing conditions and experimental setup 

All Djungarian hamsters (Phodopus sungorus) came from the laboratory breed in the 

Department of Zoology of the University of Veterinary Medicine in Hannover, Germany and 

were born under natural photoperiodic (~52° N latitude) and thermal conditions between 

March (light-dark [LD] cycle: 12:12) and June (LD 15.5:8.5; mean monthly Ta ranged from -

0.3°C to 16.0°C). Cages were equipped with wood shavings and soft tissue for nest building. 

All hamsters were fed ad libitum with food pellets (Altromin 7014, hamster breeding diet, 

Lage, Germany) and had free access to tap water during the entire experiment. Supplementary 

food (oat flakes, sunflower seeds, curd cheese and apple slices) was provided during the first 

five weeks of life for juvenile hamsters and until the beginning of the experiment for adult 

hamsters. 

All animal procedures were in accordance with the German Animal Welfare Act and 

approved by the Lower Saxony State Office for Consumer Protection and Food Safety 

(11/0372). 

For the group of adult Djungarian hamsters, 34 males were housed singly in type 2 

macrolone™ cages after weaning and transferred to an artificial long photoperiod (LP; LD 

16:8; Ta 20 ± 1°C). At the age of 11 months, they were exposed to an artificial short 

photoperiod (SP; L:D 8:16) and a Ta of 18 ± 1°C. 

For the group of juveniles, 40 Djungarian hamsters from eight litters were transferred from 

the natural conditions to artificial SP (L:D 8:16, Ta 18 ± 1°C) together with their dams 

immediately after birth. The juvenile hamsters were weaned and singly housed in 

macrolone
TM

 type-2 cages since three weeks of age. 
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Adult hamsters were weighed once a week, juvenile hamsters were weighed each day during 

the first four weeks, every other day until the end of week seven and in four-day intervals 

until the end of the experiment. The fur index (1 for dark summer fur and 6 for white winter 

fur; according to Figala et al. 1973) was monitored once per week beginning at week ten of 

SP exposure. Animal handling was restricted to the beginning of the dark phase (under dim 

red light < 5 Lux, the animals were permanently exposed to). 

With the beginning of week six of the experiment, juvenile and adult hamsters were divided 

into two weight-matched groups, respectively. One juvenile group (CON-J; 12 males, 8 

females) and one adult group (CON-A; 14 males) remained at a constant Ta of 18 ± 1°C. The 

other juvenile group (TC12-J; 10 males, 10 females) and adult group (TC12-A; 20 males) were 

transferred to an alternating Ta-cycle with 18 ± 1°C during the light phase and 6 ± 1°C during 

the dark phase (amplitude of 12°C). For the adult TC group, the Ta during the dark phase was 

increased to 12 ± 1°C, resulting in a lowered Ta amplitude of 6°C, at week 20 of SP exposure. 

For the remaining five weeks, all measurements for this group were labelled as TC6-A.  

In the adult hamsters, metabolic rate measurements were performed two to three times for 

seven consecutive days between week 13 and 24 of SP exposure. Hamsters of the TC-A group 

were measured once during the first Ta regime (TC12, seven days, between week 13 an week 

19) and once during the second Ta regime (TC6, seven days, between week 20 and week 24). 

In the juvenile hamsters, metabolic rate was measured between week 13 and 18 of SP 

exposure at least once for five consecutive days. 

 

6.2.2. Torpor monitoring 

 

a) Body temperature recording 

To monitor core body temperature (Tb), all hamsters were intraperitoneally implanted with a 

small temperature-sensitive RFID chip (Biothermo® Lifechips®, Destron Fearing
TM

, Eagan, 

USA). Juvenile hamsters were implanted at the age of two weeks and adult hamsters received 

the RFID chip during week seven of SP exposure. For implantation, the animals were slightly 

anesthetized with isoflurane (1.5-2.5Vol.-%, CP-Pharma, Burgdorf, Germany). Wound 

closure was performed with fibrin glue (Surgibond®, SMI, St.Vith, Belgium) in juveniles and 

with PGA suture (Surgicryl®, SMI AG, St. Vith, Beligum) in adults.  
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Tb was measured three times per day (2, 4 and 6 h after the beginning of the light phase) with 

a hand-held reader (Global Pocket Reader EX, Destron Fearing, Eagan, USA; temperature 

range: 24-43°C). Torpor was defined as Tb < 32°C (Heldmaier and Ruf 1992, Ruf et al. 1993, 

1991, 1989), measured at least at one of the three time points. Based on Tb measurements, the 

torpor frequency was calculated in relation to the number of observation days (weekly and 

overall observation period). In addition different categories were established for the 

determination of onset and duration of the torpor bouts (Table 6.1). 

 

Table 6.1: Definitions of the different categories for determination of torpor bout onset and duration, 

based on the three Tb measurements per day. “on” refers to the beginning of the light phase. 

 

b) Metabolic rate measurements 

Long-term recording of the hamsters’ metabolic rate (MR) was chosen to record the course of 

single torpor bouts. For calculation of MR, O2-consumption and CO2-production were 

measured by an open flow system according to the principle of indirect calorimetry. The air 

was continuously pulled through  the system, applying a flow rate of 35-45 l h
-1

, which was 

controlled by a mass flow meter (MKS Instruments, Munich, Germany).The dried and filtered 

air from one empty reference cage and five hamsters’ home cages (closed with acrylic glass 

lids, volume: 6 l) was consecutively analysed for one minute per cage with a Field Gas 

Analysis System (FOXBOX-C, Sable Systems Europe GmbH, Germany; precision of 

Category Definition 

torpor bout onset  

< 2h after “on” Tb below 32°C at first measurement point 

>2 h after “on” Tb below 32°C at second or third measurement point 

 

torpor bout duration 

<4 h 
Tb <24°C at the first measurement point or between 24°C 

and 32°C at two measurement points 

>4 h 
Tb <24°C at the first and second measurement point or 

between 24°C and 32°C at all three measurement points 

 
Estimated torpor bout duration was correlated with torpor bout duration measured by indirect 

calorimetry (Spearman’s rank correlation, Rs = 0.82, p < 0.05). 
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0.001Vol% for O2-sensor and 0.0001Vol% for the CO2-sensor). System calibration was 

checked regularly using pure nitrogen and ambient air, respectively. Only the final reading of 

each measurement interval was stored on a PC. Body mass-specific metabolic rate was 

calculated by subtraction of reference values from animal measurements. Average metabolic 

rates (AMR) were calculated for the dark phase preceding a torpor bout, as well as for light 

phases with and without torpor bout, respectively. As some torpor bouts already started before 

the onset of the light phase, the last two hours of the dark phase were not taken into account 

for calculation of the nightly AMR. To estimate the energy saving capacity of torpor bouts, 

the difference between light phase AMR with torpor and without torpor was calculated. 

Resting metabolic rates (RMR) during dark phase and light phase were defined as the 

minimal metabolic rate during the respective phase. RMR of a day with torpor was referred to 

as minimal metabolic rate during torpor (TMRmin). Hamsters staying below the average day 

RMR for at least one hour were considered as torpid. The torpor entrance time was defined as 

time span between the first measurement below RMR and the beginning of a phase of 

constantly low MR (visual determination). Torpor arousal onset was defined as first 

considerable rise in MR (visual determination), whereas the arousal end was defined as 

obvious MR peak. The period between torpor entrance and arousal was defined as 

maintenance phase. All three stages accounted for total torpor bout duration. In addition to the 

metabolic parameters, the continuous measurement of metabolic rate offered the possibility to 

more precisely determine torpor bout onset and duration. 

 

6.2.3. Statistics 

All results are expressed as mean values ± standard error (SEM). Data were tested for normal 

distribution using the Kolmogorov-Smirnov-test. Comparisons of two independent groups 

were performed with t-test (parametric) or Mann-Whitney-U test (non-parametric). Two 

related groups were compared using paired t-test (parametric) or Wilcoxon Matched-Pairs test 

(non-parametric). Multiple related samples were analysed with Repeated-Measures (RM) 

ANOVA and Tukey post-hoc test (parametric) or Friedman ANOVA followed by Wilcoxon 

Matched-Pairs post-hoc test (non-parametric). Frequency distribution was analysed via χ
2
 test. 

A p-value < 0.05 was considered as significant. Statistical analyses were performed with 

STATISTICA© 6.1. (StatSoft Inc. 1984-2004). 
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6.3. Results 

 

6.3.1. Acclimation to short photoperiod 

 

a) Juvenile hamsters 

All juvenile hamsters continuously increased their body mass until the end of week five (day 

35) of age and SP exposure. At this time, juveniles of group CON-J had reached a body mass 

of 20.4 ± 0.5 g, juveniles of group TC12-J had reached a body mass of 21.4 ± 0.5 g (Fig. 6.1 

A). Until the end of week eight (day 56) of SP exposure, animals of the CON-J group 

continued to increase their body mass (22.0 ± 0.7 g), while the body mass of group TC12-J 

remained constant (21.8 ± 0.5 g) (Fig. 6.1 A). A second plateau phase in body mass lasted 

from week eleven (CON-J: 23.8 ± 0.7 g; TC12-J: 24.5 ± 0.6) to week 17 of SP exposure 

(CON-J: 24.0 ± 0.8 g; TC12-J: 25.3 ± 0.7), followed by a moderate increase in body mass in 

both groups (Fig. 6.1 A). There was no significant difference in body mass between groups 

during the experiment.  Similarly, the maximum fur index indicated a successful SP 

acclimation, but did not differ significantly between the two treatment groups (CON-J: 3.9 ± 

0.04 and TC12-J: 4.1 ± 0.09).  

  

b) Adult hamsters 

Comparison of body mass development revealed no significant differences between the two 

groups (Fig. 6.1 B). Hamsters of the two groups reduced their body mass by 7.6 ± 0.9 g 

(CON-A) and 8.6 ± 0.8 g (TC12-A), respectively. Although the overall maximum body mass 

reduction was similar in both groups, exposure to the second Ta cycle (Δ6°C) affected the 

absolute change in body mass in the TC6-A group. While the hamsters of the CON-A group 

already started to regain body mass, the hamsters of the TC6-A group did not show changes in 

body mass. This resulted in a significantly lower absolute body mass change compared to 

CON-A from week 20 to 24 of SP exposure (RM ANOVA, F = 5.58, p<0.001, Tukey test: 

week 20-22 p < 0.005, week 23-24 p < 0.001, Fig. 6.1 C).The two groups showed identical 

maximum fur indices of 3.3 ± 0.12 (TC12-A) and 3.3 ± 0.13 (CON-A) between week 17 and 

20 of SP exposure. 
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Figure 6.1: (A) Body mass (mean ± SEM) of juvenile male and female Djungarian hamsters kept in short 

photoperiod (SP) since birth for 140 days (20 weeks). TC12-J was exposed to a daily Ta cycle (light: 18°C, dark: 

6°C; amplitude 12°C) since 35 days (5 weeks) in SP (dashed line), group CON-J was held at constant Ta (18°C). 

(B) Body mass (mean ± SEM) of adult male Djungarian hamsters kept in SP for 168 days (24 weeks). TC12-A 

was exposed to a daily Ta cycle (light: 18°C, dark: 6°C; amplitude 12°C) since 35 days (5 weeks) in SP (dashed 

line), group CON-A was held at constant Ta. After 133 days (19 weeks) under SP, group TC12-A was exposed to 

a different Ta cycle (light: 18°C, dark: 12°C; amplitude 6°C) for another five weeks and was renamed 

accordingly (TC6-A). (C) Mean (± SEM) body mass reduction and fur index during the different Ta cycles. 

Asterisks mark significant differences (*p < 0.05 on days 140, 147, 154; p < 0.001 on days 161, 168). 
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6.3.2. Torpor analysis based on body temperature 

 

a) Juvenile hamsters 

In each group, 18 out of 20 hamsters showed spontaneous daily torpor in response to SP 

exposure. For further analyses, only these animals were taken into account. Male and female 

hamsters were equally distributed among the treatment groups and showed no differences in 

torpor expression. Therefore, data from males and females were pooled for further analysis. 

The daily Ta cycle affected torpor expression in several aspects. Hamsters of the TC12-J group 

expressed torpor with a significantly lower frequency compared to the CON-J group. The 

lowered torpor frequency, which was visible at several time points of the torpor season (RM-

ANOVA, F = 2.6, p = 0.004, Tukey-test, p < 0.05; Fig. 6.2 A) corresponds to the significantly 

later start of the torpor season (TC12-J: 94 ± 2 days in SP vs. CON-J: 85 ± 3 days in SP; t-test, 

t = -2.25, p = 0.031) and the significantly shorter duration of the torpor season (TC12-J: 28 ± 4 

days vs. CON-J: 43 ± 5 days, t-test, t = 2.46, p = 0.019). 

In group CON-J, 73.1 ± 5.7% of all torpor bouts started at the end of the dark phase or within 

the first two hours of the light phase, however later torpor onset was also observed, although 

with a significantly lower proportion (26.9 ± 5.7%; Wilcoxon Matched-Pairs test, Z = 2.93, p 

= 0.003; Fig. 6.3 A). In contrast, torpor bouts in group TC12-J never started later two hours 

than after the beginning of the light phase (Fig. 6.3 A). In both groups, the significant 

majority of all torpor bouts were shorter than four hours (CON-J, < 4h: 81.3 ± 4.9% vs. > 4h: 

18.7 ± 4.9%, Mann-Whitney-U test, Z = 3.42, p < 0.001 and TC12-J, < 4h: 94.2 ± 2.5% vs. > 

4h: 6.1 ± 2.5%, Mann-Whitney-U test, Z = 3.72, p < 0.001). However the proportion of bouts 

longer than four hours was significantly lower in the TC12-J group (< 4 h, TC12-J: 94.2 ± 2.5% 

vs. CON-J: 81.3 ± 4.9%, Mann-Whitney-U test, Z = -2.54, p = 0.011) (Fig. 6.3 C). 
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b) Adults hamsters 

In the TC-A group, twelve of the remaining 16 hamsters became torpid, but only ten of these 

twelve hamsters expressed spontaneous daily torpor under both Ta cycles. In the CON-A 

group, seven of the remaining 13 hamsters could be used for torpor analysis. 

Start as well as duration of the torpor season did not differ between the two treatment groups 

(start TC-A: 96 ± 5 days vs. CON-A 101 ± 9 days; duration TC-A: 68 ± 5 days vs. CON-A: 

56 ± 8 days). It has to be mentioned that four hamsters of the TC-A group and one hamster of 

the CON-A group were still expressing torpor regularly when the Tb recording was stopped 

after 24 weeks. 

The weekly as well as overall mean torpor frequency did not differ among the treatment 

groups. For further analysis of the potential influence of the differing Ta cycles on torpor 

expression, relative torpor frequency was averaged over the last five weeks of the first Ta 

cycle (TC12-A) and compared with the average of the second Ta cycle (TC6-A) (Fig. 6.2 B). 

Mean torpor frequency did not differ between the two treatment groups, neither during the 

first (TC12-A), nor during the second Ta cycle (TC6-A). However, the comparison of torpor 

expression during the first Ta cycle (TC12-A) and the second Ta cycle (TC6-A) revealed a 

trend towards a higher mean torpor frequency during the second Ta cycle (TC12-A: 22.8 ± 

3.3% vs. TC6-A: 37.2 ± 5.4%; Wilcoxon Matched-Pairs test, Z = 1.78, p = 0.074; Fig. 6.2 C). 

Similar to the juveniles, all torpor bouts of group TC12-A started not later than two hours after 

the beginning of the light phase, while hamsters of the CON-A group also expressed torpor 

bouts with a later onset, however again with a significantly lower proportion (< 2h: 77.6 ± 

8.9% vs. > 2h: 22.4 ± 8.9%, Wilcoxon Matched-Pairs test, Z = 2.2, p = 0.028; Fig. 6.3 B). The 

analysis of torpor bout duration revealed no significant differences, neither between nor 

within the treatment groups (Fig. 6.3 D). The smaller Ta amplitude in the TC6-A group had no 

influence on torpor onset and duration (data not shown).  
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Figure 6.2: Torpor frequency (mean ± SEM) as percentage of days with torpor. (A) Weekly torpor 

frequency of juvenile treatment groups either kept at constant Ta (18°C; CON-J) or maintained in a Ta 

cycle (light: 18°C, dark: 6°C; amplitude of Δ12°C; TC12-J). Asterisk denotes significant difference 

(***p < 0.001 in week 19, *p < 0.05 in remaining weeks). (B) shows the weekly mean torpor 

frequency of the adult hamsters. While group CON-A was held under constant Ta (18°C) all the time, 

group TC12-A was held under the first Ta cycle (light: 18°C, dark: 6°C; Δ12°C) since the end of week 

19 and under the second Ta cycle (light: 18°C, dark: 12°C; Δ6°C) for the remaining five weeks of SP 

exposure. (C) summerizes the overall mean torpor frequency of group CON-A and of group TC-A 

during the different Ta cycles (TC12-A and TC6-A). 
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Figure 6.3: Comparison between the proportion of torpor bouts (mean ± SEM) with an onset of < 2h 

or > 2h after lights on (A and B) and between torpor bouts with a duration of < 4h or > 4h (C and D). 

(A) and (C) show the results of the juvenile hamsters under constant Ta (CON-J) and under daily Ta 

cycle (TC12-J). In (B) and (D), the results of the adult hamster groups under the same Ta conditions are 

summarized (CON-A and TC12-A). Asterisks mark significant differences between and within the 

treatment groups (*p < 0.05, **p < 0.01, ***p < 0.001). 
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6.3.3. Torpor analysis via metabolic rate data  

 

a) Juvenile hamsters 

In both groups, average torpor entrance started in the light phase (CON-J: 33 ± 17 min vs. 

TC12-J: 34 ± 10 min). However, torpor bouts of the TC12-J group were significantly shorter 

(TC12-J 230 ± 25 min vs. CON-J 302 ± 18 min; t-test, t = 2.39, p = 0.028, Table 6.2), which 

was mainly attributable to the significantly shorter torpor entrance phase (TC12-J 80 ± 6 min 

vs. CON-J 159 ± 10 min; t-test, t = 6.52, p < 0.001, Table 6.2).  

 

Table 6.2: Comparison of overall torpor bout duration (mean ± SEM) as well as duration (mean ± 

SEM) of entrance, maintenance and arousal in the CON-J (Ta 18°C) and TC12-J group (Ta light 18°C, 

dark 6°C). 

 

During the dark phase preceding a torpor bout, hamsters of the TC12-J group had a 

significantly higher AMR (TC12-J 5.34 ± 0.21 mlO2 g
-1

 h
-1

 vs. CON-J 3.52 ± 0.12 mlO2 g
-1

 h
-

1
; t-test, t = -7.91, p < 0.001) as well as RMR (TC12-J 3.31 ± 0.24 mlO2 g

-1
 h

-1
 vs. CON-J 2.36 

± 0.11 mlO2 g
-1

 h
-1

; t-test, t = -3.81, p = 0.001; Fig. 6.4 A). The higher AMR was also 

measured during the respective days of torpor expression (TC12-J 2.87 ± 0.21 mlO2 g
-1

 h
-1

 vs. 

CON-J 2.26 ± 0.13 mlO2 g
-1

 h
-1

; t-test, t = -2.51, p = 0.022; Fig. 6.4 A). Finally, the lower 

TMRmin of the CON-J hamsters indicated deeper torpor bouts at constant Ta  (TC12-J 1.23 ± 

0.12 mlO2 g
-1

 h
-1

 vs. CON-J 0.7 ± 0.05 mlO2 g
-1

 h
-1

; t-test, t = -4.38, p < 0.001; Fig. 6.4 A). 

 

 

torpor bout duration (min) 

 
CON-J 

N = 11, n = 34 
TC12-J 

N = 9, n = 25 
Statistics 

    

overall 302 ± 18 230 ± 25 
t-test 

t = 2.39 p = 0.028 

entrance 159 ± 10 80 ± 6 
t-test 

t = 6.52 p < 0.001 

maintenance 94 ± 11 109 ± 24 n. s. 

arousal 49 ± 5 41 ± 5 n. s. 
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Figure 6.4: Comparison of metabolic parameters (mean ± SEM) during the day of torpor expression 

or during the dark phase before torpor expression, AMR = average metabolic rate, RMR = resting 

metabolic rate, TMR = torpor metabolic rate. (A) Measurements of juvenile groups (CON-J: Ta 18°C; 

TC12-J light: Ta 18°C, dark: Ta 6°C). (B) Measurements of the adult hamsters (CON-A: Ta 18°C; TC12-

A light: Ta 18°C, dark: Ta 6°C; TC6-A light: Ta 18°C, dark: Ta 12°C). Significant differences are 

marked with asterisks (*p < 0.05, **p < 0.01, **p < 0.001). 

 

As the usual time of torpor entrance coincided with the time of Ta change, further analyses 

should reveal a potential relation between the Ta change and other torpor parameters of group 

TC12-J in comparison with the results of group CON-J. Ta increased to 18°C ± 1°C within the 

120 min after the beginning of the light phase (Fig. 6.5 B and C). Although the time point of 

torpor entrance did not differ between the two groups, the time that elapsed between the end 

of Ta increase and the beginning of the animals’ arousal from torpor was significantly shorter 

in the TC12-J group (105 ± 22 min) compared to group CON-J (171 ± 14 min; t-test,  t = 2.59, 

p = 0.019). Furthermore, 24% (6/25) of all torpor bouts in the TC12-J group, but and 0% in the 

CON-J group were shorter than 120 min (χ²-test, X = 7.25, p = 0.01). Figure 6.5 shows 
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exemplified MR measurements of one individual of the CON-J group (Fig. 6.5 A) and one 

individual of the TC12-J group (Fig. 6.5 B and C). 

To finally evaluate the overall energy saving efficiency of the torpor bouts, the AMR 

difference between days with and without torpor expression was calculated for both groups. 

Torpor expression reduced AMR by 31.4 ± 2.9% in group CON-J and by 22.9 ± 3.4% in 

group TC12-J, a difference that was not significant. 

 

b) Adults hamsters 

The analysis of the metabolic rate data revealed no significant differences in overall torpor 

duration between groups under differing Ta cycles (CON-A: 354 ± 32 min, TC12-A: 303 ± 33 

min and TC6-A: 418 ± 57 min; Table 6.3). In group CON-A, torpor entrance started 109 ± 42 

min after the beginning of the light phase, which was significantly later compared to group 

TC12-A (33 ± 2 min; t-test, t = 2.36, p = 0.04) and  group TC6-A (-6 ± 11 min; t-test, t = 3.59, 

p = 0.005). In group TC6-A, torpor started significantly earlier compared to group TC12-A 

(paired t-test, t = 3.35, p = 0.015).  

However, torpor entrance lasted significantly longer in group CON-A (176 ± 28 min) 

compared to group TC12-A (105 ± 7 min) and group TC6-A (124 ± 5 min; t-test, t = 5.26, p < 

0.001 and t = 4.37, p = 0.001; Table 6.3). Furthermore, the switch of the Ta cycle (TC12-A to 

TC6-A) significantly increased the duration of the maintenance phase (TC6-A: 235 ± 47 min) 

compared to the CON-A group (90 ± 36 min; t-test t = 2.27, p = 0.047; Table 6.3). 

The comparison of the different metabolic parameters revealed differences during the dark 

phase only. The three groups differed significantly in their AMR. Group CON-A showed the 

lowest AMR (3.16 ± 0.21 mlO2 g
-1

 h
-1

), group TC12-A showed the highest AMR (4.79 ± 0.13 

mlO2 g
-1

 h
-1

) and group TC6-A was intermediate (4.16 ± 0.21 mlO2 g
-1

 h
-1

)( CON-A vs. TC12-

A: t-test, t = -7.3, p < 0.001; CON-A vs. TC6-A: t-test, t = -3.57, p = 0.005; TC12-A vs. TC6-

A: paired t-test, t = 4.22, p = 0.006; Fig. 6.4 B). Furthermore, group CON-A showed a 

significantly lower RMR (2.11 ± 0.14 mlO2 g
-1

 h
-1

)
 
compared to TC12-A (3.49 ± 0.14 mlO2 g

-1
 

h
-1

; t-test, t = -6.78, p < 0.001) and group TC6-A (3.04 ± 0.24 mlO2 g
-1

 h
-1

; t-test, t = -3.08, p = 

0.012; Fig. 6.4 B). 
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Table 6.3: Comparison of mean (± SEM) overall torpor bout duration as well as duration of entrance, 

maintenance and arousal during in the groups CON-A (Ta 18°C), TC12-A under the first Ta cycle (light 

18°C, dark 6°C) and TC6-A under the second Ta cycle (light 18°C, dark 12°C). 

 

 

 

6.4. Discussion 

 

In the present study, we compared the expression of seasonal spontaneous daily torpor 

between juvenile and adult Djungarian hamsters (for summary, see Table 6.4). Furthermore, 

we examined the effect of a semi-natural daily Ta cycle with cold dark phase (6°C) and 

moderate warm light phase (18°C) on torpor expression in both age groups. 

The data revealed no obvious differences in torpor expression between juvenile and adult 

Djungarian hamsters under constant Ta. Under these conditions, most juvenile hamsters began 

to show torpor after ten to twelve weeks of SP exposure, which is consistent with the results 

of Bae and colleagues (2003). Furthermore the start of the torpor season after ten to thirteen 

weeks of SP exposure in adult hamsters is in good accordance with previous studies in adult 

hamsters (Elliott et al. 1987, Figala et al. 1973, Heldmaier and Steinlechner 1981a, Ruf et al. 

1993). Hence, the duration of SP exposure appears to determine the beginning of the torpor 

season in Djungarian hamsters, irrespective of the animals’ ontogenetic state. Based on 

previous studies, the daily percentage of torpid hamsters within a cohort is expected to be 

torpor bout duration (min) 

 
CON-A 

N = 5, n = 22 
TC12-A 

N = 7, n = 19 
TC6-A 

N = 7, n = 11 
Statistics 

     

overall 314 ± 55 303 ± 33 418 ± 57 n. s. 

entrance 176 ± 28 105 ± 7 124 ± 5 

t-test  CON-A vs. TC12-A 

t = 5.26 p < 0.001 

t-test  CON-A vs. TC6-A 

t = 4.73 p = 0.001 

maintenance 90 ± 36 138 ± 28 235 ± 11 
t-test  CON-A vs. TC6-A 

t = 2.27 p = 0.047 

arousal 48 ± 3 60 ± 9 59 ± 12 n. s. 
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about one third in the middle of the torpor season (Heldmaier and Steinlechner 1981a). In the 

present study, we found similar torpor frequencies for both juvenile and adult animals. In the 

juvenile hamsters of the present study, torpor expression ceased after 19 to 20 weeks of SP 

exposure, suggesting that the animals had become refractory to the photoperiodic short-day 

signal, which again is a similar time span compared with observations in adult hamsters 

(Heldmaier and Steinlechner 1981a). The analysis of individual torpor bouts revealed similar 

durations, although minimum metabolic rate during torpor was slightly higher in the 

juveniles, which might be attributable to their lower body mass. Earlier studies in Djungarian 

hamsters already described a comparable SP acclimation process in juvenile and adult 

hamsters (Figala et al. 1973, Hoffmann 1978, 1973, Phalen et al. 2010, Yellon and Goldman 

1984). With the results of the present study, we could confirm these observations in terms of 

winter moult and body mass development and could additionally show that torpor expression 

profiles are also very similar in juvenile and adult hamsters, at least under constant Ta 

conditions. 

The daily Ta cycle was supposed to mimic cold conditions of above-ground activity during the 

dark phase and warmer conditions inside an insulating burrow during the light phase. In the 

juvenile hamsters, cold exposure resulted in a higher average metabolic rate during the dark 

phase, which gives evidence for a higher energy expenditure due to the lowered Ta. Contrary 

to our expectations, the cold-exposed juveniles showed a delayed onset as well as a 

shortening of the torpor season. In addition, torpor frequency was considerably decreased. 

Furthermore, metabolic rate and Tb recordings revealed that torpor bouts were shorter and 

shallower in juvenile hamsters kept at the Ta cycle compared to hamsters under constant Ta 

conditions. The present results seem to be counterintuitive as previous studies revealed that 

low Ta and consequently higher energy demands during SP acclimation led to an increased 

torpor frequency as well as to the expression of longer and deeper torpor bouts (Heldmaier 

and Steinlechner 1981a, Ruf et al. 1993, 1991). One explanation for these observations could 

be that a considerable increase in Ta during torpor may induce its untimely termination (Fig. 

6.5). Figure 6.5 C shows an example of a cold-exposed juvenile hamster that exhibited three 

interrupted torpor bouts. Although continuous Tb measurements are lacking, the timing and 

pattern of these torpor bouts suggest that the hamsters’ Tb increased in parallel with Ta. The 

shorter bout duration in the cold-exposed juveniles provides further evidence for torpor 
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interruption. However, it has to be mentioned that the decreased bout duration compared to 

the juveniles under constant conditions mainly resulted from the shorter torpor entrance 

phase. This shortening occurred due to a faster decrease in Tb (larger Tb-Ta gradient) and the 

shallower TMRmin that was reached by the juveniles. Nevertheless, when analysing the time 

span between the end of the daily increase in Ta (120 min after beginning of light phase) and 

the beginning of the arousal from torpor, it turned out that the duration of this time span was 

significantly lower in the cold-exposed hamsters. Therefore the shorter torpor duration was 

not only caused by a faster torpor entrance phase. We suggest that the Ta change played a 

considerable role for the timing of torpor bout termination. It has been demonstrated in 

different experiments that Djungarian hamsters constantly perceive and integrate changes in 

Ta and that changes in Ta during torpor are a possible trigger for arousal (personal 

communication by Heldmaier as well as Blank and Ruf, cited in Ruf 1991). Interestingly, 

Djungarian hamsters have been shown to actively choose a higher Ta within a temperature 

gradient during arousal from torpor (unpublished data by Popitz 2000). A similar behaviour 

could also be observed in many marsupial species and the North American deermouse 

(Peromyscus maniculatus) where passive rewarming from torpor is known to save a 

considerable amount of energy, otherwise needed for shivering thermogenesis (Geiser et al. 

2006, 2004, Ruf 1991). In contrast to the hamsters, marsupials and also deer mice can 

advance their torpor bout onset and thus extend it long enough to sufficiently save energy 

without losing the arousal-supporting rise in Ta towards noon maximum (Lovegrove et al. 

1999, Ruf 1991). However, as timing of torpor bout onset was not changed in juvenile 

hamsters of the present study, it appears likely that energy-saving potential by passive 

rewarming was minimal due to the low Ta amplitude and a moderate warm temperature of 

only 18°C. Accordingly, we hypothesize that the cold-exposed juvenile hamsters might have 

avoided the disadvantage of expressing energetically unfavourable torpor bouts. At this point, 

it has to be mentioned that some of the described short torpor bouts might have been 

overlooked by Tb recording, as the first measurement point was two hours after the beginning 

of the light phase. 
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Figure 6.5: Exemplified measurements of metabolic rate. (A) Four torpor bouts of one animal of the 

CON-J group. (B) Three torpor bouts of one animal of the TC12-J group. (C) Three interrupted torpor 

bouts of the same animal of group TC12-J. Black lines show Ta, dark bars mark the dark phase. 

 

The energetically challenging cold exposure during the dark phase of the present study did not 

provoke additional efforts to save energy, e. g. due to a better insulating winter fur (Heldmaier 

and Steinlechner 1981b, Ruf et al. 1993) or an increased expression of longer and deeper 
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torpor bouts (Ruf et al. 1993). In addition, the juveniles did not shown growth retardation or 

even body mass loss as indicators for a negative energy balance (Batavia et al. 2010). Thus, 

the juveniles must have used another way to compensate for the higher thermoregulatory 

energy demand, presumably by increasing food intake. Previous studies in juvenile as well as 

adult Djungarian hamsters already demonstrated that increased food intake is a possible 

response to cold-exposure during SP acclimation (Batavia et al. 2010, Kauffman et al. 2001). 

Although this parameter was not measured in the present experiment, it would be in 

accordance with one of the two main energy saving strategies in Djungarian hamsters, 

postulated by Ruf and colleagues (1993), who found hamsters with high food consumption to 

express significantly less torpor compared to animals consuming less food.  Thus, it can be 

assumed that a low torpor frequency combined with a higher food intake was apparently 

sufficient to maintain energy balance in the juveniles, as the daily Ta cycle did not impose the 

drastic energy challenge of a continuously lowered Ta (Ruf et al. 1993). 

In contrast to juveniles, adult hamsters did not show changes in torpor expression when 

exposed to the identical Ta cycle, although the metabolic rates during the dark phase indicated 

that the decreased Ta imposed an increased energetic challenge also on the adult animals. This 

is again surprising with regard to our initial hypothesis that a low and thus energy demanding 

Ta should facilitate torpor expression. Heldmaier and Steinlechner (1981a) reported that 

hamsters under natural winter-like SP started their torpor season earlier and displayed torpor 

more frequently when experiencing naturally occurring low Ta as well as daily Ta alterations. 

It is possible that the overall lowered Ta is necessary to increase torpor expression, which 

would explain the lacking torpor-facilitating effect in the present study. An unchanged torpor 

frequency in adult hamsters despite higher energy demands leads to the assumption that the 

adult hamsters also increased their food intake to match these demands. However, this does 

not explain the different responses between juvenile and adult hamsters. The only obvious 

difference between the two age groups is their ontogenetic state. While the adult hamsters 

experienced the process of photoperiodic acclimation only, the juvenile animals additionally 

underwent their ontogenetic development during photoperiodic acclimation. This situation 

should be considered as energy demanding especially under low Ta. A higher RMR of the 

juveniles indicated a higher energy expenditure, which could have facilitated torpor 

expression in comparison to the adults. However, the expression of torpor was even lower in 
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juvenile animals. One explanation could refer to the early termination of torpor bouts, as it is 

conceivable that the heavier adult hamsters are more resistant to ambient stimuli that have the 

potential to cause an early arousal, i. e. they are not affected by the Ta increase with the 

beginning of the day phase. Another explanation for the different response to the cold 

exposure during the dark phase could be a different thermoregulatory capacity. It has already 

been shown that cold exposure during winter acclimation triggers the improvement of non-

shivering thermogenesis in the hamsters’ brown adipose tissue (Heldmaier and Buchberger, 

1985, Heldmaier et al. 1982a, 1982b, Rafael et al. 1985a, 1985b). This is an important 

component of the energy-saving repertoire as non-shivering thermogenesis is energetically 

more efficient compared to shivering thermogenesis (Heldmaier et al. 1982b). As a 

combination of SP and cold exposure during the first weeks after birth does not impair 

somatic growth in Djungarian hamsters (Batavia et al. 2010), one could speculate that an 

enhanced development of brown adipose tissue und thus non-shivering thermogenic capacity 

in the cold-exposed juveniles is responsible for the differing results compared to adult 

hamsters. This theory is supported by the finding that the postnatal recruitment of brown 

adipose tissue is promoted when mammals (e. g. rats) are born and raised under cold exposure 

(Cannon and Nedergaard 2004, Mouroux et al. 1990). The juvenile ontogenetic development 

and somatic growth under cold exposure might have resulted in an improved non-shivering 

thermogenesis and thus energetic condition for foraging during the dark phase and 

consequently a decreased torpor use (Ruf et al. 1991). This scenario would support the theory 

of torpor avoidance due to its considerable disadvantages like sleep deficiency, oxidative 

stress or high energy expenditure during arousal (Daan et al. 1991, Strijkstra et al. 2003, 

Thomas et al. 1990, Wojciechowski and Jefimow 2006).  

Finally, it is worth mentioning that the lowered Ta during the dark phase appeared to prolong 

the torpor season in adult hamsters. The cold-exposed animals maintained a low body mass, a 

high fur index and continued to express torpor frequently, while the hamsters under constant 

Ta already increased their body mass after about 20 weeks of SP exposure. It seems to be 

coincidental that the difference in body mass change became significant after the switch to a 

higher Ta during the dark phase, as it resulted from a change in the hamster group under 

constant Ta. However, these results lead to the assumption that the lowered Ta during the dark 

phase in general prolonged the hamsters’ period of winter acclimation and probably even 
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delayed photorefractoriness, while the animals under constant Ta started to return to their 

summer state and were no longer susceptible to the inhibitory SP (Fig. 6.1 C). Early 

observations in Djungarian hamsters revealed that animals under low Ta showed a later start 

of summer moult and a later onset of reproductive activity (Figala et al. 1973). Furthermore, 

low Ta caused a delay in reproductive recrudescence and thus refractoriness in Syrian 

hamsters and Great tits (Sato et al. 2005, Silverin et al. 2008). These results indicate again that 

a flexible responsiveness towards other important environmental cues like Ta should be of 

higher adaptive value for the hamsters’ timing of spring recrudescence, instead of relying 

exclusively on photoperiodic information. 

In conclusion, the expression of torpor did not differ between juvenile and adult Djungarian 

hamsters under constant Ta. Instead, the data indicate that even if born late in the breeding 

season, juveniles benefit from all changes of seasonal acclimation including torpor. However, 

an additional energetic challenge during SP acclimation and torpor season evoked a decreased 

torpor expression in juvenile, but not in adult hamsters. This differing response might have 

resulted either from a higher resistance against disturbing exogenous stimuli in matured 

hamsters, or from a more efficient acclimation in juvenile hamsters, thus reducing the need 

for torpor expression.  
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7.1. Spontaneous daily torpor vs. fasting-induced torpor  

 

The present thesis focuses on the comparison of SDT and FIT. As the results of this 

comparison originate from chapter 2, 3 and 4, the following summary shall emphasize that 

spontaneous daily torpor (SDT) and fasting-induced torpor (FIT) in general are two distinct 

thermoregulatory responses to an energetic challenge under differing circumstances and 

appear to be regulated by differing control mechanisms. 

SDT is a truly seasonal phenomenon that occurs exclusively during the winter months, 

ultimately induced by short photoperiod (SP), but in the field it is always accompanied by 

reductions in ambient temperature (Ta) and food availability (Heldmaier and Steinlechner, 

1981a, Hoffmann 1982). In contrast, FIT can occur at any time of the year in response to a 

prolong period of food restriction (Ruby and Zucker, 1992, Steinlechner et al. 1986). A 

further temporal classification describes SDT as an inherent component of the circadian 

rhythm of body temperature (Tb) that is synchronized to the daily light-dark-cycle (Ruf et al. 

1989). In contrast, FIT can occur at any time of the day and is more closely depending on the 

feeding schedule (Paul et al. 2004, Steinlechner et al. 1986, chapter 3). In addition, early 

studies reported a break down of circadian Tb rhythm under food restriction inducing FIT 

(Ruby and Zucker, 1992, Steinlechner et al. 1986). These differences in temporal organization 

have also been documented on the regulatory level. The manipulation of the hamsters 

‘circadian system via pinealectomy disrupted or completely inhibited SDT expression, but 

had no influence on FIT (Lynch et al. 1980, Ruby and Zucker, 1992, Steinlechner et al. 1986, 

Vitale et al. 1985). 

Body mass reduction as consequence of a decrease in food intake is a prerequisite for both 

SDT and FIT (Heldmaier and Steinlechner, 1981a, Ruby et al. 1993). However, the SP-

induced gradual decrease in body mass is a result of a controlled and voluntary reduction of 

food intake (Knopper and Boily, 2000) and is terminated at an individual acclimation set 

point (Steinlechner et al. 1983). Like the expression of SDT itself, SP- induced body mass 

reduction is part of a complex and multifaceted acclimation process (“adaptive syndrome”, 

Heldmaier and Lynch 1986). In contrast, the faster decrease in body mass preceeding FIT 

results from a forced reduction in body mass (Ruby et al. 1993). The differing response of 

body mass development induced by either SP exposure or food restriction was demonstrated 
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by Steinlechner and colleagues (1983, later confirmed by Morgan et al. 2003). Their studies 

showed that food restriction during SP-acclimation additionally facilitates the already 

proceeding body mass reduction. The fast and rather uncontrolled body mass reduction under 

food restriction implicates an unfavourable decrease in body fat reserves. And indeed, 

preliminary experiments in male Djungarian hamsters showed that five weeks of moderate 

food restriction resulted in a 75% lower absolute body fat mass (2.6 ± 1.1 g) compared to ad 

libitum fed controls (10.6 ± 0.7 g). Eight weeks of SP-acclimation induced a 53% reduction in 

body fat mass (LP: 10.5 ± 0.6 g; SP: 4.9 ± 0.6 g; Petri et al. 2014). Of course, it has to be 

taken into account that body fat reduction is not completed after eight weeks of SP, but still, 

SDT expression can already be observed after this time span of acclimation. 

Besides the reduction in body mass, other acclimation processes like gonadal regression, 

winter moult and improvement of thermogenesis have to be completed before SDT expression 

occurs (Scherbarth and Steinlechner 2010). FIT does not appear to require a period of 

physiological preparations, but occurs as thermoregulatory response after a certain degree of 

body mass reduction (Morhardt and Hudson 1966, Ruby et al. 1993, Vitale et al. 1985). 

During the course of preliminary experiments on FIT induction, one hamster showed a short 

and shallow phase of decreased metabolism and Tb after two days of complete food 

deprivation at a Ta of 15°C (Fig. 7.1). At the end of the trial, the animal had lost 20% of its 

body mass. Although this was not a regular observation, it still emphasizes the acute character 

of FIT expression in response to energy depletion. 
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Figure 7.1: Measurement of body temperature and metabolic rate (MR, black line) as well as 

respiratory quotient (RQ, grey line) in a male Djungarian hamster under long photoperiod (LP 16:8) 

and a Ta of 15 ± 1°C. Complete food deprivation lasted from the beginning of the first dark phase 

(black bars) until the beginning of the third dark phase. At this time point, Ta was increased back to 

20°C.  

 

Several results of this and earlier studies indicate that SP-acclimated  hamsters are not 

starving, but express SDT while in energetic balance,  (Morgan et al. 2003, Stamper et al. 

1999), whereas food-restricted hamsters enter FIT as a last option to improve their negative 

energy balance (chapter 3). In 1999, Heldmaier and colleagues showed that SDT bouts start 

under glucose-based metabolism (high RQ), while a switch towards lipid utilization (low RQ) 

is only required at the end of the torpor bout and during the energy consuming arousal 

(Heldmaier et al. 1999). In contrast, the results of chapter 3 revealed that FIT bouts are 

entered under lipid-based metabolism and thus in a situation which demands the utilization of 

the vital internal energy stores. Regardless of torpor expression, the energetically differing 

environmental conditions of ad libitum feeding under SP exposure vs. food restriction under 

LP exposure also become visible on the regulatory level. While the SP-induced reduction of 
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food intake and body mass leads to an increased expression of anorexigenic peptides, food 

restriction increases the expression of orexigenic peptides and suppresses the expression of 

anorexigenic peptides, evoking mechanisms to defend body mass. Interestingly, an additional 

food restriction during SP increases expression of orexigenic peptides (Mercer et al. 2001, 

2000, Rousseau et al. 2002). 

So far, one would expect FIT to considerably improve the severe energetic situation imposed 

by food restriction. However, the results of chapter 3 revealed that FIT bouts are shorter and 

shallower compared to SDT bouts (see also Steinlechner et al. 1986). Furthermore, FIT bouts 

usually lacked a prolonged phase of constantly lowered metabolic rate and Tb, which 

contributes predominantly to the energy saving efficiency of a SDT bout (chapter 3). During 

arousal, FIT expressing hamsters needed more time to reach their peak metabolic rate as 

indicator for maximum thermogenic activity. In addition, multiple consecutive torpor bouts 

were observed quite regularly (chapter 3, Ruby and Zucker, 1992, Steinlechner et al. 1986) 

and sometimes hamsters failed to arouse successfully from these FIT bouts.  

Considering all presented facts, it has to be assumed that FIT expression in Djungarian 

hamsters represents an emergency shutdown triggered by severely reduced energy stores, 

while SDT should be considered as one trait during the hamsters’ winter acclimatization to 

maintain long-term energetic balance under harsh environmental conditions.  

However, our observations of FIT expressing hamsters under moderate long-term food 

restriction indicate that the reduction of energy availability also induced mechanisms to 

acclimate to the prevailing energetic situation. Investigations on the hamsters’ intestinal tract 

revealed that food restriction resulted in an increased relative intestinal length as well as dry 

mass (chapter 4 and preliminary data in 4.4.) and presumably a relatively higher mucosal 

surface for nutrient absorption and an increased meal retention time (Chi and Wang 2011, 

Clemens and Stevens 1980, Hammond and Wunder 1995). In addition, food restricted 

hamsters showed an increased mucosal electrogenic transport capacity for glucose, which 

showed a trend towards a negative correlation with the frequency of FIT expression. In 

Djungarian hamsters, moderate food restriction did not lead to intestinal atrophies like in 

other homeotherms (Ferraris and Carey 2000), but instead improved nutrient uptake and thus 

energy yield. This acclimation process appeared to reduce the demand for FIT expression, 

which further promotes the assumption that FIT is really chosen as last resort to escape from 
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life-threatening energy challenges. However, one could also speculate that long-term food 

restriction might allow the regular employment of FIT as an adaptive mechanism to cope with 

reduced energy availability, especially when considering the similar metabolic rate and RQ 

profile of SDT and FIT expressing hamsters during the night before torpor (chapter 3). 

 

 

7.2. Spontaneous daily torpor and food intake 

 

In the second experiment of chapter 3, SP-acclimated Djungarian hamsters were exposed to 

an alternating cycle of food restriction and ad libitum feeding (5-day-intervals). Ruf and 

colleagues (1993) already demonstrated that a reduced food availability under SP-exposure 

increased SDT frequency, but neither the depth nor the duration of individual torpor bouts. An 

investigation of SDT expression under food restriction should reveal whether a severe 

energetic challenge might have the potential to evoke FIT bouts in addition to the prevailing 

SDT expression pattern. In accordance with the study by Ruf et al. (1993), SDT was increased 

in frequency under food restriction, but did not show any general differences that would 

indicate the expression of FIT (e. g. shorter and shallower bouts with a disrupted circadian 

pattern). 

However, individual observations indicate that the 5-day food restriction intervals might have 

imposed an energetic challenge exceeding the hamsters’ SP-acclimation efforts and forced 

them to undergo FIT. First, during FIT 3 out of 12 hamsters expressed double bouts which 

were comparable to those typically found in LP-exposed FIT-expressing hamsters. In another 

hamster, 90% of all torpor bouts were expressed during food restriction. Furthermore, in two 

cases the first food restriction period triggered the beginning of the torpor season. 

Although food restriction induced the expected facilitation of SDT expression, the SDT 

response towards a food reduction and the resumption of ad libitum feeding showed a high 

individual variability. Ruf and colleagues could show that this high variability was partially 

explained by the hamsters’ ad libitum food intake, which was negatively correlated with SDT 

expression (Ruf et al. 1991). According to these findings, it was argued whether the efficiency 

of food processing and thus the energy yield from food might also play a role in determining a 

certain SDT pattern that in necessary to stay in energetic balance. SP-exposure resulted in an 
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increased relative intestinal length and presumably a higher nutrient uptake capacity (see 

chapter 4 and part 7.1), but had no influence of mucosal electrogenic transport processes. 

However, with regard to SDT expression, the hypothesis of a high SDT frequency due to 

comparatively low nutrient uptake efficiency could not be confirmed. In fact it seems that 

especially small mammals that are not able to save energy via torpor expression profit from a 

seasonally improved nutrient uptake efficiency (Bozinovic and Iturri 1991, Chi and Wang 

2011, Derting and Noakes III 1995, Green and Millar 1987, Hammond 1993, Karasov and 

Diamond 1983). 

 

 

7.3. Spontaneous daily torpor and unsaturated fatty acids 

 

A large number of studies have described the beneficial effect of high amounts of 

polyunsaturated fatty acids (PUFA) in diet and consequently body tissue on hibernation bouts 

characterized by extremely low metabolic rate and Tb as well as an extremely long duration 

(for review see Munro and Thomas 2004). More precisely, dietary PUFA with a high n-6 to n-

3 ratio improved the energy saving efficiency of hibernation bouts as it allowed longer and 

deeper bouts while sustaining tissue function and fat availability (Ruf and Arnold 2008). As 

Geiser and Heldmaier (1995) described a facilitating effect of diets rich in PUFA and 

monounsaturated fatty acids (MUFA) on SDT expression in Djungarian hamsters, the 

importance of the dietary ratio of n-6 to n-3 PUFA as well as PUFA to MUFA for SDT 

expression should be additionally evaluated. Although hamsters on a diet with high n-6 to n-3 

PUFA ratio showed a higher peak SDT frequency, the dietary PUFA ratio is considered to be 

of minor importance for SDT efficiency. First of all, hamsters of all dietary groups showed a 

very high variability in SDT expression (chapter 5). Furthermore, the food choice experiment 

revealed that the hamsters increased their overall MUFA uptake in response to SP-acclimation 

which tones down the importance of dietary PUFA. In addition, the food choice group and 

their control group dramatically differed in their dietary n-6 to n-3 PUFA ratio, but showed 

comparable torpor frequencies. Therefore, we can assume that the rather short and shallow 

reduction in metabolic rate and Tb during SDT (Ruf and Geiser 2014) does not depend on a 

certain PUFA level or ratio, but that the tissue functionality within the Tb range of daily 
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heterotherms is already sustained by an increased MUFA uptake (see also Geiser and 

Heldmaier 1995, Munro and Thomas 2004). 

 

 

7.4. Spontaneous daily torpor and ambient temperature 

 

Earlier studies on the influence of Ta on SDT expression in Djungarian hamsters indicate that 

this environmental factor has a modulating effect on acclimation in general as well as on SDT 

expression in particular (Ruf et al. 1993), but does not ultimately induce SDT expression 

(Elliott et al., 1987; Ruf, 1991). The energetic challenge of Ta below the hamsters’ 

thermoneutral zone (20°C during winter acclimatization) due to an increased heat loss led to 

an enhanced SDT frequency, depth and duration (Heldmaier and Steinlechner 1981b, Ruf et 

al. 1993). In addition, the beginning of the SDT season was advanced (Ruf et al. 1993). As a 

constantly lowered Ta might not sufficiently represent natural conditions, we exposed adult 

hamsters to a daily cycle in Ta with cold dark phases (6°) and moderate warm light phases 

(18°C). Contrary to our expectations, the increased energetic challenge of the “cold night” did 

neither influence the measured parameters of SP-acclimation (body mass reduction and 

moult) nor SDT expression. We can only speculate that the environmental conditions resulted 

in a much weaker energetic challenge than expected. Thus, the hamsters could compensate it 

by an increased food intake rather than by an increased SDT expression. In addition, as 

nightly Ta was already lowered during SP-acclimation, the cold stimulus might have induced 

an enhanced improvement of the hamsters’ non-shivering thermogenic capacity (see 

(Heldmaier and Buchberger 1985, Heldmaier et al. 1982a, 1982b) and thus an improved 

thermoregulatory constitution for a higher feeding activity during the cold nights and thus no 

need for an increased SDT expression during the warmer days. Interestingly, an earlier 

description of SDT expression under either naturally changing Ta in an outside enclosure or 

constantly high Ta inside did not reveal the strong differences later found by Ruf and 

colleagues (Heldmaier and Steinlechner 1981a, Ruf et al. 1993). Of course, we have to state 

that the Ta paradigm of the present study is still far away from the reality of the Siberian 

winter, with respect to absolute Ta as well as amplitude of above ground vs. burrow Ta (see 

also Ruf and Heldmaier, 2000, 1992). This fact again emphasizes the importance of field 
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studies for the understanding of Ta influence on the role of SDT as an energy saving 

mechanism. 

The studies of chapter 6 addressed once again the question of whether SDT in Djungarian 

hamsters has other than energy saving functions, as the hamsters under constant conditions 

regularly expressed SDT without considerable energetic challenge. Furthermore, we observed 

SDT expression – although with a decreased frequency – at a Ta of 26°C (Fig. 7.2).  

 

 

Figure 7.2: Measurement of torpor frequency (upper panel), food intake (white symbols) and body 

(black symbols) mass in female Djungarian hamsters under SP-exposure (LD8 8:16) and 

“accidentally” fluctuating Ta (graph in the middle). Torpor frequency was negatively correlated with 

Ta (R²= 0.38, F(1, 69) = 42.0,  p < 0.001). 

 

Interestingly, the hamsters showed a decreased food intake rather than a complete cessation of 

SDT expression to compensate for the obvious energy surplus. However, when Ta dropped 

again very quickly, an increased SDT response to the higher energy demand occurred much 

faster than a response based on food intake. This fact emphasizes that SDT is a very flexible 
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tool to maintain energy balance under variable energetic constraints. Nevertheless, the 

described observations clearly indicate that SDT, although modulated by environmental 

factors that influence energy balance, appears to be regulated by other inherent mechanisms 

(Bartness et al. 1989, Ruf et al. 1993) that probably focus on functions beyond energy saving. 

 

 

7.5. Spontaneous daily torpor during ontogenetic development 

 

It is already known that juvenile Djungarian hamsters express SDT after they have been 

exposed to ten to twelve weeks of SP-exposure since birth and thus after an acclimation time 

which is comparable to that of adult Djungarian hamsters (Bae et al. 2003). However, it was 

not clear whether the SDT profile of juvenile hamsters regarding frequency, depth and 

duration is also comparable to adult hamsters, which would indicate that juveniles can fully 

exploit SDT as energy saving mechanism during their challenging ontogenetic development 

under unfavourable ambient conditions of autumn and beginning winter. The results of 

chapter 6 show that under constant moderate warm Ta and ad libitum food supply, SP-

acclimation including body mass set point, winter fur, SDT expression and consequently 

energy saving efficiency is comparable in juvenile and adult hamsters (see chapter 6, Elliott et 

al. 1987, Figala et al. 1973, Heldmaier and Steinlechner 1981a, Hoffmann 1978, 1973, Phalen 

et al. 2010, Ruf et al. 1993, Yellon and Goldman 1984). Under an energetic challenge of 

lowered Ta during the dark phase of acclimation and SDT period, we expected juvenile 

hamsters like adult hamsters to respond with an increased SDT expression (see 7.4). We 

already discussed the lacking effect of the daily Ta cycle on SDT expression in adults, but the 

response of the juveniles was even more surprising, as they decreased SDT frequency and 

showed shallower as well as shorter torpor bouts. In the cold-exposed juveniles, a 

considerable amount of very short SDT bouts that were terminated in parallel with the 

increasing Ta at the beginning of the light phase could be observed. Thus, we concluded that 

the juvenile hamsters avoided the risk of energetically unfavourable SDT bout interruptions, 

but rather chose the strategy of high food consumption and low SDT expression (Ruf et al. 

1991). Another more speculative explanation again refers to the enhancing effect of low Ta on 

the SP-induced improvement of non-shivering thermogenesis (see 7.4.), which might have 
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been additionally facilitated due to the somatotropic processes during the ontogenetic 

development. 

In summary, these results indicate again that SDT expression can be utilized very flexibly in 

response to variable ambient conditions, but that its general pattern is also integrated in the 

complex seasonal acclimatization process and thus strongly depends on the degree of seasonal 

change in food intake, body mass, fur insulation and thermogenic capacity that certainly 

shows a high individual variability, too. 

 

 

7.6. Spontaneous daily torpor – Energy saving and beyond 

 

Based on the results of the present study, we tried to evaluate SDT in its role as energy saving 

mechanism a) in comparison to FIT as acute response to energetic constraints and b) by 

investigating different environmental factors that modulate or challenge energy balance. 

The comprehensive comparison of SDT and FIT allowed us to see SDT as one part of the 

complex and multifaceted winter acclimatization in Djungarian hamsters that is used in 

combination with several other energy saving mechanisms to maintain long-term energy 

balance rather than to respond to an acute energetic challenge. Energy conservation has been 

proven to be an undeniable, important function of SDT, as its expression is facilitated by 

environmental factors such as low Ta and reduced food availability that challenge the 

hamsters’ energy balance. However, as SDT also occurs without these energetic constraints – 

not only in Djungarian hamsters – it has long been asked whether SDT has benefits beyond 

energy saving (Geiser and Baudinette 1987, Heldmaier and Steinlechner 1981a, Hill 1975, 

Nicol and Andersen 2002, Rambaldini and Brigham 2008, Stawski and Geiser, 2009). In this 

context, Geiser and Brigham gave a reasonable explanation for the predominant view on SDT 

as energy saving mechanism. They stated that all variables in the context of torpor are proxies 

of energy metabolism, which are easy to quantify (Geiser and Brigham 2012). Thus, the 

authors presented a comprehensive list of more obscure torpor parameters that plausibly 

summarize “the other functions of torpor”. Hummingbirds for instance use torpor to enhance 

fat storage at night during migration (Carpenter and Hixon 1988). This behaviour was not 

interpreted a response to an acute energy challenge, but as “a predictive strategy that 
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anticipates a likely future energy-demanding event” (Geiser and Brigham 2012), which can be 

seen in analogy to “foresighted” SDT expression in Djungarian hamsters (chapter 2 and 3). 

Furthermore, torpor and also hibernation were explained to be beneficial in terms of 

reproduction, ontogeny, water conservation, parasite prevention, longevity, predator 

avoidance, interspecific competition and reduced extinction risks (see also Bieber and Ruf, 

2008, Ruf et al. 2012, Turbill et al. 2011a, 2011b).  Among this high variability of alternative 

torpor functions, longevity and predator avoidance might be of special importance for SDT 

expression in Djungarian hamsters.  

In addition to the fact that other aspects of winter acclimatization such as body mass reduction 

and winter moult are also subjected to a high variability, it seems reasonable to assume the 

development of different survival strategies including different SDT expression patterns in 

response to environmental challenges. Hamsters with a high individual torpor proneness 

(Bartness et al. 1989, Ruf et al. 1993) might have a clear advantage to survive severe Siberian 

winters, as they have a high potential to save energy, thus reducing above ground foraging 

activity and predation risk (Bieber and Ruf 2008). In contrast, milder winters might favour the 

strategy of a low SDT frequency in combination with higher foraging and feeding activity 

(Ruf et al. 1991). Although this higher above ground activity increases the predation risk, a 

lower population mortality due to milder environmental conditions reduces the probability of 

becoming prey. In addition, these hamsters presumably do not completely abandon their 

territory, are reproductively competent earlier and can thus maximize their reproductive 

success during one season (Geiser and Brigham 2012). However, as SDT expression increases 

longevity, torpor prone hamsters might have the opportunity to reproduce again in the next 

year (Turbill et al. 2011a, 2011b). With a random distribution of relatively mild and harsh 

winters, these two general strategies might have become stable phenotypes. 

Although environmental energetic challenges facilitate SDT expression, this influence occurs 

at different levels, leading to an interindividual differing increase in SDT expression (see Fig. 

7.3). Thus, we have to assume a very high interindividual variability not only in SDT 

expression, but in the overall energetic state of a hamster, which in certainly influenced by 

other winter acclimatization processes. 
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Figure 7.3: Variable torpor frequencies (bars indicate mean values and circles indicate individual 

values) in response to different environmental factors. 1-3: adults hamsters under SP and Ta 23°C, 

18°C and 5°C, Ruf 1991; 4-5: juvenile hamsters under SP and constant Ta of 18°C or daily Ta cycle 

with 18°C during the light phase and 6°C during the dark phase, chapter 5; 6-8: adult hamsters under 

SP, Ta 18°C and diets differing in fatty acid composition (H6L3, L6H3, HOA; chapter 5); 9-10: adult 

hamsters under SP, Ta 18°C and ad libitum feeding or food restriction (chapter 2); 11: adults hamsters 

under LP, Ta 18°C and food restriction. 

 

 

A reasonable explanation for this variability is of course a genetic background. However, a 

two-year-observation of our colony under natural conditions revealed no obvious relationship 

of SDT frequency in parents (2011/2012) and offspring (2012/2013). Based on these 

observations, we designed a two-generation study under controlled environmental conditions, 

thereby investigating potential epigenetic as well as transgenerational effects on SDT 

expression, which could explain the high SDT variability within hamster lineages and even 

families. Hamsters of the parental generation were exposed to a moderate energetic challenge 

(partial food restriction) during SP-acclimation. Subsequently, SDT frequency in the parental 

as well in the offspring generation was measured. Unfortunately, this large and long-lasting 

experiment ended only recently and could therefore not be included in this thesis. However, 

we can at least summarize preliminary findings (Fig. 7.4). 
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Figure 7.4: Mean weekly torpor expression (± SEM) und SP exposure (LD 8:16) and Ta 18°C. (A) 

males and (B) females oft the G0-generation either under food restriction (FR: 25% of ad libitum food 

intake twice a week for 24 h) or ad libitum feeding (AD) during SP acclimation. (C) Male and (D) 

female offspring (F1) of food-restricted or ad libitum-fed parents. Breeding pairs were selected with 

regard to similar torpor frequency, body mass reduction and fur index. Asterisks denote significant 

difference (RM ANOVA: F = 2.38, p = 0.005, Tukey test * p < 0.05). 

 

 

Additional energetic challenges during winter acclimatization resulted in an increased SDT 

frequency in the parental males, but not in the females. Although the energetically challenged 

parental generation showed significantly earlier and higher reproductive efforts, the challenge 

did not further influence SP-acclimation and SDT expression in the offspring. 

Based on these results, we have to assume that epi- and especially transgenerational effects of 

energy restriction are not responsible for the high interindividual variability in SDT proneness 

as well as expression under identical environmental conditions. Thus the reasons for this 

phenomenon – as we doubt that it is just one – still remain an enigma. 

 



  85 
 

7.7. References 

 

Bae HH, Larkin JE, Zucker I (2003) Juvenile Siberian hamsters display torpor and 

modified locomotor activity and body temperature rhythms in response to reduced food 

availability. Physiol Biochem Zool 76, 858–867. 

Bartness TJ, Elliott JA, Goldman BD (1989) Control of torpor and body weight patterns by 

a seasonal timer in Siberian hamsters. Am J Physiol R241–R249. 

Bieber C, Ruf T (2008) Summer dormancy in edible dormice (Glis glis) without energetic 

constraints. Naturwissenschaften 96, 165–171. doi:10.1007/s00114-008-0471-z 

Bozinovic F, Iturri SJ (1991) Seasonal changes in glucose and tyrosine uptake of Abrothrix 

andinus (Cricetidae) inhabiting the andes range. Comp Biochem Physiol A Physiol 99, 437–

439. doi:10.1016/0300-9629(91)90029-C 

Carpenter FL, Hixon MA (1988) A New function for torpor: fat conservation in a wild 

migrant hummingbird. The Condor 90, 373–378. doi:10.2307/1368565 

Chi Q-S, Wang D-H (2011) Thermal physiology and energetics in male desert hamsters 

(Phodopus roborovskii) during cold acclimation. J Comp Physiol B 181, 91–103. 

doi:10.1007/s00360-010-0506-6 

Clemens ET, Stevens CE (1980) A comparison of gastrointestinal transit time in ten species 

of mammal. J Agric Sci 94, 735–737. doi:10.1017/S0021859600028732 

Derting TL, Noakes III EB (1995) Seasonal changes in gut capacity in the white-footed 

mouse (Peromyscus leucopus) and meadow vole (Microtus pennsylvanicus). Can J Zool 73, 

243–252. doi:10.1139/z95-028 

Elliott JA, Bartness TJ, Goldman BD (1987) Role of short photoperiod and cold exposure 

in regulating daily torpor in Djungarian hamsters. J Comp Physiol 161, 245–253. 

Ferraris RP, Carey HV (2000) Intestinal transport during fasting and malnutrition. Annu 

Rev Nutr 20, 195–219. doi:10.1146/annurev.nutr.20.1.195 

Figala K, Hoffmann K, Goldau G (1973) Zur Jahresperiodik beim Dsungarischen 

Zwerghamster Phodopus sungorus Pallas. Abhandlungen und Berichte (Deutsches Museum 

(Germany)) 41, 19–32. 

Geiser F, Baudinette RV (1987) Seasonality of torpor and thermoregulation in three 

dasyurid marsupials. J Comp Physiol B 157, 335–344. doi:10.1007/BF00693360 



  86 
 

Geiser F, Brigham RM (2012) The other functions of torpor. In: Ruf T, Bieber C, Arnold W, 

Millesi E (eds) Living in a Seasonal World. 14
th

 International Hibernation Symposium. 

Springer Berlin Heidelberg, pp. 109–121. 

Geiser F, Heldmaier G (1995) The impact of dietary fats, photoperiod, temperature and 

season on morphological variables, torpor patterns, and brown adipose tissue fatty acid 

composition of hamsters, Phodopus sungorus. J Comp Physiol 165, 406–415. 

Green DA, Millar JS (1987) Changes in gut dimensions and capacity of Peromyscus 

maniculatus relative to diet quality and energy needs. Can J Zool 65, 2159–2162. 

doi:10.1139/z87-329 

Hammond KA (1993) Seasonal changes in gut size of the wild prairie vole (Microtus 

ochrogaster). Can J Zool 71, 820–827. doi:10.1139/z93-107 

Hammond KA, Wunder BA (1995) Effect of cold temperatures on the morphology of 

gastrointestinal tracts of two microtine rodents. J Mammal 76, 232–239. doi:10.2307/1382331 

Heldmaier G, Buchberger A (1985) Sources of heat during nonshivering thermogenesis in 

Djungarian hamsters: a dominant role of brown adipose tissue during cold adaptation. J Comp 

Physiol B 156, 237–245. 

Heldmaier G, Klingenspor M, Werneyer M, Lampi BJ, Brooks SP, Storey KB (1999) 

Metabolic adjustments during daily torpor in the Djungarian hamster. Am J Physiol 276, 

E896–906. 

Heldmaier G, Lynch GR (1986) Pineal involvement in thermoregulation and 

acclimatization. Pineal Res Rev 4, 97–139. 

Heldmaier G, Steinlechner S. (1981a) Seasonal pattern and energetics of short daily torpor 

in the Djungarian Hamster, Phodopus sungorus. Oecologia 48, 265–270. 

Heldmaier G, Steinlechner S, (1981b) Seasonal control of energy requirements for 

thermoregulation in the Djungarian hamster (Phodopus sungorus), living in natural 

photoperiod. J Comp Physiol B 142, 429–437. 

Heldmaier G, Steinlechner S, Rafael J, Latteier B (1982a) Photoperiod and ambient 

temperature as environmental cues for seasonal thermogenic adaptation in the Djungarian 

hamster, Phodopus sungorus. Int J Biometeorol 26, 339–345. doi:10.1007/BF02219505 



  87 
 

Heldmaier G, Steinlechner S, Rafael J (1982b) Nonshivering thermogenesis and cold 

resistance during seasonal acclimatization in the Djungarian hamster. J Comp Physiol 149, 1–

9. doi:10.1007/BF00735708 

Hill RW (1975) Daily torpor in Peromyscus leucopus on an adequate diet. Comp Biochem 

Physiol A Physiol 51, 413–423. doi:10.1016/0300-9629(75)90389-8 

Hoffmann K (1973) The influence of photoperiod and melatonin on testis size, body weight 

and pelage color in the Djungarian hamster (Phodopus sungorus). J Comp Physiol B 85, 267–

282. 

Hoffmann K (1978) Effects of short photoperiods on puberty, growth and moult in the 

Djungarian hamster (Phodopus sungorus). J Reprod Fertil 54, 29–35. 

Hoffmann K (1982) The critical photoperiod in the Djungarian hamster Phodopus sungorus. 

In: Aschoff J, Daan S, Groos G (eds) Vertebrate circadian systems: structure and physiology. 

Springer-Verlag, Berin, Heidelberg, pp. 297–304. 

Karasov WH. Diamond JM (1983) Adaptive regulation of sugar and amino acid transport 

by vertebrate intestine. Am J Physiol - Gastrointest Liver Physiol 245, G443–G462. 

Knopper LD, Boily P, (2000) The energy budget of captive Siberian hamsters, Phodopus 

sungorus, exposed to photoperiod changes: mass loss is caused by a voluntary decrease in 

food intake. Physiol Biochem Zool 73, 517–522. 

Lynch GR, Sullivan JK, Gendler SL (1980) Temperature regulation in the mouse, 

Peromyscus leucopus: effects of various photoperiods, pinealectomy and melatonin 

administration. Int J Biometeorol 24, 49–55. 

Mercer JG, Moar KM, Logie TJ, Findlay PA, Adam CL, Morgan PJ, (2001) Seasonally 

inappropriate body weight induced by food restriction: effect on hypothalamic gene 

expression in male Siberian hamsters. Endocrinology 142, 4173–4181. 

doi:10.1210/endo.142.10.8454 

Mercer JG, Moar KM, Ross AW, Hoggard N, Morgan PJ (2000) Photoperiod regulates 

arcuate nucleus POMC, AGRP, and leptin receptor mRNA in Siberian hamster hypothalamus. 

Am J Physiol - Regul Integr Comp Physiol 278, R271–R281. 

Morgan PJ, Ross AW, Mercer JG, Barrett P (2003) Photoperiodic programming of body 

weight through the neuroendocrine hypothalamus. J Endocrinol 177, 27–34. 

doi:10.1677/joe.0.1770027 



  88 
 

Morhardt JE, Hudson JW (1966) Daily torpor induced in white-footed mice (Peromyscus 

spp.) by starvation. Nature 212, 1046–1047. doi:10.1038/2121046b0 

Munro D, Thomas DW (2004) The role of polyunsaturated fatty acids in the expression of 

torpor by mammals: a review. Zool Jena 107, 29–48. 

Nicol S, Andersen NA (2002) The timing of hibernation in Tasmanian echidnas: why do they 

do it when they do? Comp Biochem Physiol B Biochem Mol Biol 131, 603–611. 

doi:10.1016/S1096-4959(02)00018-0 

Paul MJ, Kauffman AS. Zucker I (2004) Feeding schedule controls circadian timing of 

daily torpor in SCN-ablated Siberian hamsters. J Biol Rhythms 19, 226–237. 

Petri I, Dumbell R, Scherbarth F, Steinlechner S, Barrett P (2014) Effect of exercise on 

photoperiod-regulated hypothalamic gene expression and peripheral hormones in the seasonal 

dwarf Hamster Phodopus sungorus. PLoS ONE 9, e90253. doi:10.1371/journal.pone.0090253 

Phalen AN, Wexler R, Cruickshank J, Park SU, Place NJ (2010) Photoperiod-induced 

differences in uterine growth in Phodopus sungorus are evident at an early age when serum 

estradiol and uterine estrogen receptor levels are not different. Comp Biochem Physiol 155, 

115–21. 

Rambaldini DA, Brigham RM (2008) Torpor use by free-ranging pallid bats (Antrozous 

pallidus) at the northern extent of their range. J Mammal 89, 933–941. doi:10.1644/08-

MAMM-A-029.1 

Rousseau K, Atcha Z, Cagampang FRA, Le Rouzic P, Stirland JA, Ivanov TR, Ebling 

FJP, Klingenspor M, Loudon ASI (2002) Photoperiodic regulation of leptin resistance in 

the seasonally breeding Siberian hamster (Phodopus sungorus). Endocrinology 143, 3083–

3095. doi:10.1210/endo.143.8.8967 

Ruby NF, Nelson RJ, Licht P, Zucker I (1993) Prolactin and testosterone inhibit torpor in 

Siberian hamsters. Am J Physiol 264, R123–128. 

Ruby NF, Zucker I (1992) Daily torpor in the absence of the suprachiasmatic nucleus in 

Siberian hamsters. Am J Physiol 263, R353–362. 

Ruf T (1991) Torpor beim Dsungarischen Zwerghamster (Phodopus sungorus) und der 

Hirschmaus (Peromyscus maniculatus): Saisonalität, Tagesperiodik und Energetik. Doctoral 

Thesis, Philipps University Marburg. 



  89 
 

Ruf T Arnold W (2008) Effects of polyunsaturated fatty acids on hibernation and torpor: a 

review and hypothesis. Am J Physiol 294, R1044–1052. 

Ruf T, Bieber C, Turbill C (2012) Survival, aging, and life-history tactics in mammalian 

hibernators. In: Ruf T, Bieber C, Arnold W, Millesi E (eds) Living in a Seasonal World. 14
th

 

International Hibernation Symposium. Springer Berlin Heidelberg, pp. 123–132. 

Ruf T, Geiser F (2014) Daily torpor and hibernation in birds and mammals. Biol Rev Camb 

Philos Soc. doi:10.1111/brv.12137 

Ruf T, Heldmaier G (1992) The impact of daily torpor on energy requirements in the 

Djungarian Hamster, Phodopus sungorus. Physiol Zool 65, 994–1010. 

Ruf T, Heldmaier G (2000) Djungarian hamsters — small graminivores with daily torpor. 

In: Halle PDS, Stenseth PDNC (eds) Activity Patterns in Small Mammals: An Ecological 

Approach. Springer Berlin Heidelberg, pp 217–234. 

Ruf T, Klingenspor M, Preis H, Heldmaier G (1991) Daily torpor in the Djungarian 

hamster (Phodopus sungorus): interactions with food intake, activity, and social behaviour. J 

Comp Physiol B 160, 609–615. 

Ruf T, Stieglitz A, Steinlechner S, Blank JL, Heldmaier G (1993) Cold exposure and food 

restriction facilitate physiological responses to short photoperiod in Djungarian hamsters 

(Phodopus sungorus). J Exp Zool 267, 104–112. 

Scherbarth F, Steinlechner S (2010) Endocrine mechanisms of seasonal adaptation in small 

mammals: from early results to present understanding. J Comp Physiol B 180, 935–952. 

Stamper JL, Dark J, Zucker I (1999) Photoperiod modulates torpor and food intake in 

Siberian hamsters challenged with metabolic inhibitors. Physiol Behav 66, 113–118. 

Stawski C, Geiser F (2009) Fat and fed: frequent use of summer torpor in a subtropical bat. 

Naturwissenschaften 97, 29–35. doi:10.1007/s00114-009-0606-x 

Steinlechner S, Heldmaier G, Becker H (1983) The seasonal cycle of body weight in the 

Djungarian hamster: photoperiodic control and the influence of starvation and melatonin. 

Oecologia 60, 401–405. 

Steinlechner S, Heldmaier G, Weber C, Ruf T (1986) Role of photoperiod: pineal gland 

interaction in torpor control. In: Heller HC, Wang LCH, Musacchia X (eds) Living in the 

Cold: Physiological and Biochemical Adaptations. 7
th

 International Hibernation Symposium. 

Elsevier Science Publishing Co., Inc., New York, pp. 301–307. 



  90 
 

Turbill C, Bieber C, Ruf T (2011a) Hibernation is associated with increased survival and the 

evolution of slow life histories among mammals. Proc R Soc B Biol Sci 278, 3355–3363. 

doi:10.1098/rspb.2011.0190 

Turbill C, Smith S. Deimel C, Ruf T (2011b) Daily torpor is associated with telomere 

length change over winter in Djungarian hamsters. Biology letters 8.2, 304-307 

Vitale PM, Darrow JM, Duncan MJ, Shustak CA, Goldman BD (1985) Effects of 

photoperiod, pinealectomy and castration on body weight and daily torpor in Djungarian 

hamsters (Phodopus sungorus). J Endocrinol 106, 367–375. 

Yellon SM, Goldman BD (1984) Photoperiod control of reproductive development in the 

Male Djungarian hamster (Phodopus sungorus). Endocrinology 114, 644–670. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  91 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Statement  92 
 

Statement (Erklärung) 

 

Hiermit erkläre ich, dass ich die Dissertation “ Daily torpor in Djungarian hamsters 

(Phodopus sungorus): energetics and environmental challenges“ selbstständig verfasst habe. 

Die Kapitel 2, 3 und 5 wurden bereits in wissenschaftlichen Journalen nach Begutachtung 

durch unabhängige Fachkollegen veröffentlicht. Das Kapitel 6 wurde zur Publikation im 

„Journal of Thermal Biology“ eingereicht. Diese Kapitel wurden daher zuvor von den 

angegebenen Koautoren kritisch kommentiert und von mir vor Einreichung zur Publikation 

korrigiert. Die Rohfassung der Manuskripte wurde von mir persönlich verfasst und die 

Datenerhebung sowie Auswertung wurden von mir persönlich ausgeführt oder überwacht. 

Die Kapitel 2, 3, 5 und 6 wurden dem Formatstil dieser Dissertation angepasst. Dabei wurde 

auch das Format für die Angabe von Literatur vereinheitlicht und die Nummerierung der 

Abbildungen und Tabellen sowie deren Formatierung leicht verändert. Die Kapitel sind hier 

angegeben wie publiziert oder zur Publikation eingereicht. 

Ich habe keine entgeltliche Hilfe von Vermittlungs- bzw. Beratungsdiensten 

(Promotionsberater oder anderer Personen) in Anspruch genommen. Niemand hat von mir 

unmittelbar oder mittelbar entgeltliche Leistungen für Arbeiten erhalten, die im 

Zusammenhang mit dem Inhalt der vorgelegten Dissertation stehen. Ich habe die Dissertation 

an der folgenden Institution angefertigt: 

Institut für Zoologie, Tierärztliche Hochschule Hannover, Deutschland 

 

Die Dissertation wurde bisher nicht für eine Prüfung oder Promotion oder für einen ähnlichen 

Zweck zur Beurteilung eingereicht. Ich versichere, dass ich die vorstehenden Angaben nach 

bestem Wissen vollständig und der Wahrheit entsprechend gemacht habe. 

 

 

.......................................................................................... 

Datum, eigenhändige Unterschrift (Victoria Diedrich) 

 

 



  93 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Acknowledgements  94 
 

Acknowledgements (Danksagung) 

 

Zum Abschluss möchte ich mich bei allen bedanken, die mich auf vielfältigste Weise bei der 

Erstellung dieser Arbeit und allem Drumherum unterstützt haben. 

 

Vor allen anderen bedanke ich mich bei Prof. Dr. Stephan Steinlechner: 

Lieber Stephan, ich danke dir, dass du es mir ermöglicht hast, in deiner Arbeitsgruppe an 

diesem spannenden Thema weiter zu forschen. Du warst von Anfang an immer da, um mich 

bei der Projektausarbeitung zu unterstützen und hast mir beigebracht, in meinem 

Datendschungel alle relevanten Fragen, Thesen, Ergebnisse und Interpretationen auf den 

Punkt zu bringen. Du hast mir immer die Freiheit gelassen, um meine eigenen Erfahrungen 

und Fehler zu machen, mir aber auch immer neue Möglichkeiten aufgezeigt, wenn ich nicht 

weiter wusste. Du hast mich ermutigt, meine Resultate zu  präsentieren und stolz darauf zu 

sein. Ich danke dir, dass du mich auch in deinem wohlverdienten Ruhestand bis zum Schluss 

bei der Fertigstellung meiner Abschlussarbeit unterstützt hast. 

 

Des Weiteren möchte ich mich bei Prof. Dr. Thomas Ruf bedanken: 

Ich danke Ihnen, dass Sie sich als Zweitgutachter zur Verfügung gestellt haben. Außerdem 

möchte ich mich nochmal herzlich für die Einladung zum 14. Internationalen 

Winterschlafsymposium im Semmering bedanken. Diese Tagung war für mich eine tolle 

Erfahrung, kulinarisch wie wissenschaftlich. 

 

Ich danke PD Dr. Michael Stern als 2. Mitglied meiner Betreuergruppe: 

Lieber Michael, danke für deine Unterstützung und dein beständiges Interesse an meiner 

Forschung an Tieren, die doch weit weniger Beine und mehr Fell haben, als deine 

eigentlichen Haustierchen, und die nur unter bestimmten Versuchsbedingungen rosa werden. 

 

Ein großes Dankeschön gebührt meinem Kollegen und heimlichen Supervisor Dr. Frank 

Scherbarth: 

Lieber Frank, du hast mich in den letzten Jahren unermüdlich bei der Durchführung meiner 

Versuche und deren Veröffentlichung unterstützt. Ich durfte viel von dir lernen und von 

deinen vielfältigen Erfahrungen profitieren. Ich danke dir, dass du mich immer rechtzeitig 

wieder in die Spur gebracht hast, in mancherlei Hinsicht. 

 

Vielen, vielen Dank an meine Kollegin Dr. Esther Lipokatic-Takacs: 

Liebe Esther, ich danke dir für die wunderschöne Zeit in unserem kleinen, bunten Büro. Du 

warst immer für mich da, wenn ich bei der Durchführung meiner Arbeit oder meines Lebens 

Hilfe brauchte, nicht selten ohne dass ich darum bitten musste. Ich werde mich gerne an die 

vielen interdisziplinären Gesprächsthemen erinnern, die unseren Arbeitsalltag immer 

bereichert haben: Rezepte, Handarbeit, Kindererziehung…DJIum! 



Acknowledgements  95 
 

 

An dieser Stelle gilt mein Dank meinen beiden Lieblings-TAs Marianne und Siggi, die mir 

einen warmen, ja fast mütterlichen Empfang in der Arbeitsgruppe bereitet haben und immer 

ein offenes Ohr für die Leiden der jungen Doktorandin hatten: 

Liebe Marianne, ich danke dir für deine tolle, unentbehrliche Arbeit im Reich der Hamster 

und für die unablässige Versorgung mit neuen Versuchstieren in allen Variationen. Vielleicht 

sollten wir im Material-und-Methodenteil doch erwähnen, dass unsere Hamster unter 

Naturtagbedingungen und unter dem positiven Einfluss von Richard Wagner gezüchtet 

wurden…nur der Reproduzierbarkeit halber. 

Liebe Siggi, danke für deine unermüdliche Unterstützung im Labor und deine Bereitschaft, 

mit mir zusammen so manchen Hamster würdevoll ins Jenseits zu begleiten. 

Ich danke euch für die schöne Zeit im Kaffeeraum, die vielen lustigen Geschichten und all die 

Lebensweisheiten und Ratschläge in jeder Lage. 

 

Weiterhin möchte ich mir bei Prof. Dr. Elke Zimmermann für die Möglichkeit bedanken, hier 

im Institut für Zoologie arbeiten und forschen zu dürfen. An dieser Stelle sei auch allen 

anderen Kollegen – insbesondere den Tierpflegern – für die tatkräftige Unterstützung und die 

schöne Zeit im Institut gedankt. 

 

Ich bedanke mich bei meinen Masterstudenten Rosalie und Jonathan, sowie bei meinen 

Bachelorstudenten und Hilfskräften Susanne, Simone, Ulrike und Sabine für die gute und 

produktive Zusammenarbeit und ihre wertvolle Hilfe bei der Durchführung verschiedenster 

Vorversuche und Projektteile meiner Arbeit. 

 

Zum Abschluss möchte ich mich natürlich auch bei meinen Freunden und meiner geliebten 

Familie bedanken: 

Ich danke euch, dass ihr immer für mich da wart, um mich in dieser aufregenden Zeit in allen 

Lebenslagen zu unterstützen, um mit mir zu leiden und um euch mit mir zu freuen. Danke für 

die vielen offenen Ohren, starken Schultern und vielen guten Ratschläge. Es tut gut zu wissen, 

dass ich mich immer auf euch verlassen kann. Ihr bedeutet mir alles! 

 

 

 

 

 

 

 

 


