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GLOSSARY OF TERMS 
 

ANT adenine nucleotide translocase 

ATGL adipose triglyceride lipase 

ATP adenosine triphosphate 

BAT brown adipose tissue 

BCA bicinchoninic acid assay 

BSA bovine serum albumin 

CA cold acclimated 

cAMP  cyclic adenosine  

 monophosphate 

CAT carboxyatractylate 

CET central European time 

Cyt c cytochrome c  

COX cytochrome c oxidase 

cDNA complementary  

 desoxyribonucleic acid 

CRE cAMP response element 

CREB cAMP response element  

 binding protein 

E.coli Escherichia coli 

ETF electron transfer flavoprotein 

EGTA ethylene glycol tetraacetic  

 acid 
18F-FDG 18F-fluorodeoxyglucose 

FCCP carbonyl cyanide- 

 phenylhydrazone 

FFA free fatty acid 

Fig figure 

G3Pdh glycerol-3-phosphate  

 dehydrogenase 

GDP guanosine diphosphate 

HP heat production 

HEK human embryo kidney 

HSL hormone sensitive lipase 

ICDH isocitrate dehydrogenase 

 

 

LPL lipoprotein lipase 

mRNA messenger ribonucleic acid 

MYA million years ago 

MR metabolic rate 

NADH nicotinamide adenine  

 dinucleotide 

NADP+ nicotinamide adenine  

 dinucleotide phosphate 

NST nonshivering thermogenesis 

PCR polymerase chain reaction 

PET-CT positron emission tomography -  

 computed tomography 

PKA protein kinase A 

PPARγ peroxisome proliferator- 

 activated receptor 

PuNu purine nucleotides 

RACE-PCR rapid amplification of cDNA  

 ends - PCR 

qPCR quantitative PCR 

ROS reactive oxygen species 

Ta ambient temperature 

Tamin minimum ambient temperature 

Tb body temperature 

Tbmin minimum body temperature 

TGL triglycerides 

TPMP triphenylmethylphosphonium 

TR thyroid hormone receptor 

UCP uncoupling protein 

UCP1-KO UCP1-knockout 

UTR untranslated region 

VLDL very low density lipoproteins 

WA warm acclimated 

WT wild-type
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INTRODUCTION 
 

REGULATORY THERMOGENESIS IN MAMMALIAN ENDOTHERMS  

Mammals are able to maintain relatively constant body temperatures of 30-37°C by means of 

endogenous heat production (Hayes and Garland 1995), a thermoregulatory behavior that is referred to 

as endothermy (IUPS-Thermal-Commission 2003). Endothermy facilitates optimum temperatures for 

most biochemical processes and thereby high levels of sustained activity, irrespective of daily and 

seasonal environmental temperature fluctuations (Heldmaier et al. 1990). This is an energetically 

costly behavior, which is illustrated by the fact that the resting metabolic rate of an endotherm is 

approximately 8-10 fold higher compared to an ectotherm of the same size and body temperature (Else 

and Hulbert 1981). 

Endotherms spend a substantial proportion of their lives in thermal environments that are well 

below body temperature levels. Consequently, most thermal sensors are cold sensitive and cold 

sensation induces a rapid activation of regulatory thermogenesis and decreased skin blood flow by 

cutaneous vasoconstriction. These autonomous responses ensure that body temperature remains 

homeothermic within physiological limits (Nakamura and Morrission 2008).  

Mammals possess two major mechanisms of regulatory heat production, shivering and 

nonshivering thermogenesis (NST, Cannon and Nedergaard 2004). During shivering thermogenesis 

temperature sensitive neurons of the cervical spinal cord respond to a cold stimulus and mediate the 

activation of antagonistically working muscle groups, a no-load contraction that converts chemical 

energy into heat instead of mechanical work (IUPS-Thermal-Commission 2003). This form of heat 

production provides additional heat on a short term scale; but hinders locomotion, increases thermal 

conduction by disrupting fur insulation and ultimately causes an increase in heat loss (Hart 1952, 

Heldmaier et al. 1989). In contrast, nonshivering thermogenesis is mainly initiated by cutaneous cold 

sensation and relies on biochemical, non-contractile processes. NST neither hinders locomotion nor 

increases heat loss, and it is therefore considered a more efficient way of regulatory thermogenesis 

(Cannon and Nedergaard 2004).  

 

BROWN ADIPOSE TISSUE:  ANATOMY AND MORPHOLOGY  

Brown adipose tissue is a major thermogenic organ and the key source of nonshivering thermogenesis 

in mammals (BAT, Nicholls and Locke 1984). It was first discovered in hibernators, but increasing 

evidence suggests a more widespread distribution among the mammalian lineage, including humans 

(Nedergaard et al. 2007). In small mammals such as rats, mice and hamsters, brown adipose tissue is 

expressed in distinct depots predominantly in the front parts of the body (thorax; Fig. 2). The 

subcutaneous depots of the interscapular, dorso-cervical, axillary and suprasternal region are often 
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referred to as a “heating jacket” due to their anatomic location (Heldmaier et al. 2012). The 

interscapular brown fat depot has been most intensively studied in the past and is claimed as the most 

important depot as it transports warmed blood via the Sulzer’s vein directly to the heart.   

Brown adipose tissue is densely vascularised for the optimal distribution of heat, possesses 

multilocular fat droplets for rapid mobilization and burning of fatty acids and has a high mitochondrial 

density. Unlike white adipose tissue, brown fat mitochondria contain only minor amounts of ATP-

synthase to convert nutritional energy into cellular energy equivalents (Cannon and Vogel 1977).  

 

UNCOUPLING PROTEIN 1 IS CENTRAL TO BROWN ADIPOSE TISSUE 

MEDIATED NONSHIVERING THERMOGENESIS  

The neuronal circuits and subcellular pathways by which cold sensation triggers brown adipose tissue 

thermogenesis have been intensively studied in the past: Cold-sensitive thermoreceptors on the skin or 

in the body core, spine and brain, transmit thermal afferent signals to the preoptic area in the 

hypothalamus (Morrison et al. 2008) or to brain stem control regions (Bartness et al. 2010, Nautiyal et 

al. 2008), leading to the activation of postganglionic sympathetic fibres that release noradrenaline to 

the brown adipose tissue (reviewed by Klingenspor and Fromme 2012). Noradrenaline binds to 

specific β3-adrenergic receptors on the surface of brown adipocytes leading to the activation of a G-

protein coupled signalling pathway that stimulates lipolysis and the subsequent release of free fatty 

acids (Fig. 1). These free fatty acids can serve as substrates for cellular beta oxidation, while they also 

act as direct activators of the unique brown fat protein, the uncoupling protein 1 (UCP1, Echtay et al. 

2002, Echtay et al. 2003). UCP1 is a mitochondrial protein located in the inner mitochondrial 

membrane of brown adipocytes. Once activated, it acts like a proton channel and mediates the 

dissipation of the mitochondrial proton motive force as heat. Therefore, the presence and functionality 

of UCP1 is crucial for brown adipose tissue thermogenesis (Enerback et al. 1997, Golozobouva et al. 

2001).  

 

UCP1 (previously known as UCP or thermogenin) belongs to the family of mitochondrial anion 

carrier proteins and accounts for up to 8% of the total mitochondrial protein content (Rousset et al. 

2004). UCP1 consists of monomers formed by approximately 300 amino acids with a molecular 

weight of 32kDa (Ricquier and Kader 1976). Six transmembrane α-helices (Miroux et al. 1993) form 

three repeats and both, the N- and C-terminal amino acids, face the intermembrane space. Based on 

structural and sequence similarities, several UCP1 paralogues have been identified: UCP2 (Fleury et 

al. 1997) and UCP3 (Boss et al. 1998) in vertebrates and UCP in birds (Vianna et al. 2001) and plants 

(Laloi et al. 1997). Even though an explicit description of the regulation and physiological function of 

UCP2 (ubiquitously expressed) and UCP3 (expressed in skeletal muscle, heart and brown fat) is 

lacking, the uniqueness of UCP1 in mediating brown adipose tissue nonshivering thermogenesis has 
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been confirmed on UCP1-ablated mice that are unable to defend their body temperature under acute 

cold exposure (Enerback et al. 1997). 

 

 

Figure 1: Sympathetic activation of UCP1-mediated nonshivering thermogenesis. Cold stimulates the 
sympathetic nervous system which in response releases the neuronal transmitter noradrenaline that binds to β3-
adrenergic receptors on the plasma membrane of brown adipocytes. Subsequently, the adenylate cyclase is 
activated and converts ATP to cyclic AMP. cAMP activates the protein kinase A (PKA) whereupon the catalytic 
subunit detaches from the regulatory subunit. As a result the hormone sensitive lipase (HSL) and the adipose 
triglyceride lipase (ATGL) break down triglycerides (TGL) to free fatty acids (FFA). FFA serve, on the one 
hand, as substrates for β-oxidation and on the other hand are potent activators of the uncoupling protein 1 
(UCP1) which uncouples the proton motive force from oxidative phosphorylation by generating a proton leak - 
dissipating the proton motive force as heat. The proton motive force is an electrochemical gradient generated by 
electron transfer that facilitates pumping of protons (complex I, III and IV) from the matrix to the intermembrane 
space. The lipoprotein lipase (LPL) releases FFA from very low density lipoprotein (VLDL), when the cellular 
storage of triglycerides is depleted. UCP1 is persistently inhibited by purine nucleotides (PuNu). The adenine 
translocase (ANT) and a basal proton leak additionally participate to the, ATP-synthases independent, reduction 
of the proton gradient. The glycerol-3-phosphat dehydrogenase (G3Pdh), complex I and complex III are the most 
potent sites of mitochondrial reactive oxygen species production. ETF: electron transport flavoprotein, Cyt c: 
cytochrom c. 
 

At thermoneutral ambient temperatures, i.e. thermal conditions obviating thermoregulatory heat 

production, uncoupling through UCP1 is inhibited by physiologically relevant concentrations (up to 

10mM) of purine nucleoside di- and triphosphates. Following adrenergic stimulation, long-chain fatty 
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acids can overcome this inhibition (Nicholls and Locke 1984, Shabalina et al. 2004, Jastroch et al. 

2012) but the underlying mechanism still remains elusive (Klingenberg 2010, Divakaruni and Brand 

2011). Currently three competing models are discussed: 1.) fatty acids are obligatory cofactors, which 

are required to transport protons across the inner mitochondrial membrane (Klingenberg and Winkler 

1985, Winkler and Klingenberg 1994, Klingenberg and Huang 1999, Fedorenko et al. 2012: the long-

chain fatty acid/proton shuttling model). 2.) The cycling of fatty acids is required for proton transport. 

Specifically, UCP1 transports fatty acid anions from the matrix to the intermembrane space, followed 

by protonation and flip-flop of the acids back to the matrix (Garlid et al. 1996, Garlid et al. 1998, 

Breen et al. 2006). 3.) Fatty acids induce an allosteric change to overcome persistent nucleotide 

inhibition of an inherently active UCP1 by simple competitive kinetics (Winkler and Klingenberg 

1994, Rial et al. 2004, Shabalina et al. 2004). Even though the exact mechanism of UCP1 activation 

remains unclear, the analysis of UCP1 activity in in vitro experiments, using purine nucleotides as 

inhibitors and free fatty acids as activators, is a well-established method (Jastroch et al. 2012).  

 

THE PHYSIOLOGICAL ROLE OF BROWN ADIPOSE TISSUE  

Brown adipose tissue is inevitably associated with cold environmental temperatures and 

thermogenesis. This is substantiated by the fact that long term cold exposure leads to a proliferation of 

brown adipose tissue and improves its thermogenic capacity by enhancement of UCP1 expression and 

recruitment of its oxidative capacity (Klingenspor 2003, Fig. 2), a process termed adaptive 

thermogenesis (Lowell and Spiegelman 2000). Adaptive thermogenesis allows animals to 

appropriately adjust their thermoregulatory capacities to the seasonal requirements. The capacity for 

BAT-NST and its seasonal plasticity can be assessed in vivo by pharmacologically mimicking a cold 

stimulus (Heldmaier 1971, Heldmaier and Buchberger 1985) The Djungarian hamster, for example,  

increases its maximal noradrenaline induced thermogenic capacity from 55mW/g to 90mW/g during 

the winter months (Heldmaier and Klingenspor 2003).  

Oxidative phosphorylation is incompletely coupled, since protons can leak across the inner 

membrane and relieve the proton potential independent of the production of ATP (Fig. 1). 

Accordingly, all metabolic processes that maintain the proton gradient require an up regulation, i.e. the 

electron flux over the complexes of the respiratory chain increases to counter the reduction in proton 

motive force. This so called basal proton leak thereby contributes significantly to the resting metabolic 

rate of an animal (up to 20%, Rolfe and Brown 1997, Lowell and Spiegelmann 2000). During 

thermogenesis UCP1 activity additionally enlarges the mitochondrial protein leak and indirectly 

enhances the respiratory activity of brown adipose tissue mitochondria (Nicholls 2001). Thereby 

nonshivering thermogenesis can account for as much as one third of the metabolic rate of small 

mammals under acute cold exposure (Foster 1984).  

Historically, brown adipose tissue was first discovered in hibernators (“hibernation gland”, Freake 

and Oppenheimer 1987, Rasmussen 1923). It is now confirmed that brown adipose tissue is involved 
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in the generation of endogenous heat during arousal from hypometabolic and hypothermic states such 

as torpor and hibernation (Cannon and Nedergaard, 2004). Nonshivering thermogenesis is especially 

important during arousal at low body temperatures which are not permissive for shivering. 

 

 
Figure 2: Anatomical location and physiological regulation of brown adipose tissue (BAT) activity. Brown 
adipose tissue is mainly located in the dorso-cervical area of modern Eutherian mammals (here: Phodopus 
sungorus). Noradrenergic stimulation of ß3-adrenergic receptors triggers different cAMP responsive pathways 
depending on the duration of the cold stimulus. Following an acute cold stimulus, cAMP initiates the production 
of heat which is directly transported to the heart via the Sulzer´s vein and from there distributed to the brain and 
the rest of the body. Under prolonged cold exposure cAMP enhances the transcription of UCP1 and the 
proliferation of brown adipose tissue (here: histology sections of brown adipose tissue from Phodopus sungorus 
acclimatzed to summer and winter, stained with hematoxyl and eosin). CREB: cAMP response element binding 
protein, CRE: cAMP response element, TR: thyroid hormone receptor, PPARγ: peroxisome proliferator-
activated receptor.  
 

Torpor and hibernation are efficient mechanisms to periodically save energy in periods of food 

scarcity and decreasing ambient temperatures (up to 98%, Wang 1989, Ruf and Heldmaier 1992, Fig. 

3). Hibernation, estivation and torpor are not restricted to cold (Holartic) regions, on the contrary, 

torpor and hibernation were currently found in several species from warm temperate (Afrotropical) 

regions (Dausmann et al. 2004, Mzilikazi and Lovegrove 2004, Hallam and Mzilikazi 2010). While 

daily torpor is defined as a hypometabolic and hypothermic state of less than 24 hours, hibernation is a 

sequence of multiple torpor bouts, whereas a single bout can last up 30 days (Bieber and Ruf 2009). 

Animals capable of expressing torpor or hibernation are also termed as heterothermic endotherms 

(Grigg et al. 2004, Lovegrove 2012), as they are endothermic animals that allow their body 

temperature to fluctuate over a wide temperature range (from -3.6°C to ~37°C in arctic ground 

squirrels (Spermophilus parryii), Barnes 1989).  
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Even through the importance of brown adipose tissue for rewarming from torpor seems straight 

forward the quantitative contribution of UCP1 activity on torpor behavior has not been determined. 

This is especially intriguing as several species display torpor without the expression of functional 

UCP1 (see below and Fig. 3D). I therefore sought to investigate the significance of functional BAT in 

the context of torpor, using a transgenic UCP1-knockout mouse model (chapter I)  

 

 
Figure 3: Torpor a versatile mechanism to save energy. A) Djungarian hamster (Phodopus sungorus) enter 
daily torpor in response to environmental cues; a facultative behavior. B) In contrast hibernation (a combination 
of multiple torpor bouts) in the Edible dormouse (Glis glis) is an obligate behavior in response to endogenous 
physiological cues, larger energy savings can be achieved up to 98%. C) Torpor in laboratory mice (Mus 
musculus) is facultative and can be induced by a cold stimulus or a combination of cold and food restriction. D) 
The gray short-tailed opossum is a great example of torpor without UCP1 and at relatively high ambient 
temperatures (Tamin: 26°C). Tamin: minimum ambient temperature, black bars: night (dark) phase, all data were 
kindly provided by Prof. Dr. G. Heldmaier and Dr. C.W. Meyer. 
 

More recently a role of UCP1- mediated uncoupling of the respiratory chain in the prevention of 

reactive oxygen species (ROS) has been proposed. Potent superoxide and reactive oxygen species are 

caused by overleaping electrons from the mitochondrial respiratory chain complexes, mainly at 

complex I, III and the glycerol-3-phosphatdehydrogenase. Different studies on UCP1 and the UCP1 

orthologues (UCP2 and UCP3) demonstrated that uncoupling activity can be induced by superoxide 

and peroxidation metabolites (Echtay et al. 2002, 2003), claiming direct feedback of oxidative by-

products to UCP action and associating UCPs with a potential role in the prevention of superoxide 

production. This so called “mild uncoupling” is currently intensively and controversially discussed in 
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the literature, as others studies refute a role of UCP1 in the protection against cellular ROS (Silva et al. 

2005, Shabalina et al. 2006). A higher oxidative capacity, e.g. after cold induced stimulation of the 

tissue, is always accompanied by an elevated proton flux and it is commonly accepted that this 

elevated proton flux results in an increased production of reactive oxygen species. This raises the 

possibility that uncoupling of the respiratory chain by UCP1 serves to prevent the production of 

reactive oxygen species during thermogenesis, an assumption that will be validated in chapter II.   

 

EVOLUTIONARY TRAITS OF BROWN ADIPOSE TISSUE  

The UCP1 gene has been found in all so far investigated Eutherian mammals, including humans. Only 

in pigs the UCP1 gene is naturally disrupted (Berg et al. 2006). Although it has been stated that “the 

acquisition of brown adipose tissue with its new protein, uncoupling protein-1 (UCP1, thermogenin), 

may have been the one development that gave us as mammals our evolutionary advantage, i.e., to 

survive and especially to be active during periods of nocturnal or hibernal cold, to survive the cold 

stress of birth…” (Cannon and Needergaard 2004), an ultimate cause favoring the evolution of a 

distinct anatomical energy depot with specific thermogenic properties has yet to be revealed. This is 

especially interesting, as the evolutionary history of UCP1 dates back to teleost fishes, demonstrating 

that UCP1 pre-cursors were already present before the divergence of ray-finned and lobe-finned 

vertebrate lineages about 420 million years ago (chapter IV, Jastroch et al. 2005, 2008).  

Implicit to “modern” functional brown adipose tissue is not just the presence of UCP1, but also its 

uncoupling activity in response to a pharmacological stimulation of uncoupling, the ability of free 

fatty acids to stimulate proton leak, and the increase of its thermogenic capacity with seasonal cold 

acclimation (adptive thermogenesis, see above). In amphibians (Trzcionka et al. 2008) and fish UCP1 

is therefore likely without a thermogenic function, even though fish UCP1 shows the same uncoupling 

characteristics as Eutherian UCP1 (Jastroch et al. 2005, 2007). In marsupials, gene expression of 

UCP1 is found in adipose tissue (Jastroch et al. 2008) but does not contribute to NST or adaptive 

thermogenesis (Polymeropoulos et al. 2012). 

In Afrotherians, the closest relative group to Eutherian mammals, UCP1 is expressed and shows 

typical kinetics, enabling them to utilize nonshivering thermogenesis in vivo (Mzilikazi et al. 2007). 

However, their brown adipose tissue seems non-adaptive in captivity, suggesting that Afrotherian 

brown adipose tissue may convey primitive thermogenic features. The only Afrotherian species in 

which seasonal adaptive nonshivering thermogenesis has been previously described is the Hottetot 

golden mole (Amblysomus hottentotus longiceps, Scantleburry et al. 2008). Hottentot golden moles 

live in thermally buffered underground burrows without access to exogenous heat sources (i. e. sun 

basking), therefore they are reliant on endogenous mechanism of heat production and maybe not 

representative for the Afrotherian clade. The evolutionary trait of brown adipose tissue and 
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nonshivering thermogenesis has thus remained unenlightened and the specific function of brown 

adipose tissue in Afrotherians will be further investigated in this study (chapter III). 

 

THERMOREGULATION IN PROTOENDOTHERMIC MAMMALS  

There is one group of mammals that can be placed between the evolutionary stage of facultative 

endothermic reptiles and endothermic mammals, using a classification that distinguishes between 

different thermoregulatory strategies. This so called “protoendothermic” mammals are very flexible in 

their thermoregulatory precision and minimize energetic costs by using ectothermy facultatively when 

entering daily torpor or hibernation (Grigg et al. 2004). An interesting protoendothermic member of 

the Afrotherian order is the Lesser hedgehog tenrec (Echinops telfairi). The thermoregulatory behavior 

of this species is unique. For most of their lifespan, their body temperature closely tracks the ambient 

temperature and shows reptilian like patterns (Poppit et al. 1994, Lovegrove and Genin 2008). 

Strikingly, female E. telfairi are reported to maintian constantly high body temperatures during 

periods of reproduction and parental care (~33°C). In summary, these observations raise the question 

if brown adipose tissue is present in protoendothermic species.  

The parental care theory of the evolution of endothermy postulates that endothermy evolved as a 

consequence of increased body temperatures during periods of offspring incubation (Farmer 2000). As 

increasing incubation temperatures decrease juvenile mortality and accelerate growth to maturity, the 

parental care theory supports a profound evolutionary scenario that directly leads to an improvement 

of species fitness (Kozlowski 1992, Stearns 1992, Kozlowski and Weiner 1997). In front of this 

background, a role of brown adipose tissue mediated thermogenesis in protoendothermic animals not 

only provides novel insights on the evolutionary scenario supporting its development but also on the 

evolution of endothermy in general (chapter IV).  
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A IM OF THE PHD -THESIS 

Although textbook knowledge inevitable associates brown adipose tissue with cold and body 

temperature regulation (regulatory thermogenesis), we are far from understanding how, why and when 

Eutherian mammals gained full UCP1-mediated thermogenic support. Brown adipose tissue is also 

present in humans, and it is currently considered a major therapeutic target in the treatment of obesity. 

To fully appreciate and to potentially modulate the function of this unique tissue, comparative studies 

from nature’s toolbox will prove invaluable new insights. In my PhD-thesis I therefore sought to 

expand our knowledge on brown adipose tissue thermogenesis and its significance in various 

mammalian orders, spanning from the in vitro to the in vivo level. In doing so, I aimed to uncover 

novel aspects regarding the evolution of its thermogenic function. 

In my studies, I used artificially generated UCP1-ablated mice to evaluate further benefits of UCP1 

expression on brown adipose tissue function (ROS prevention) and the torpor behavior of Eutherian 

mammals from Holartic regions. Furthermore I tried to clarify the function of UCP1-mediated 

nonshivering thermogenesis in more “ancient” mammals from Afrotropical regions, is brown adipose 

tissue of Afrotherians seasonally regulated? Therefore I worked with two members of the Afrotherian 

clade, Western rock elephant shrews (Elephantulus rupestris) and protoendothermic Lesser hedgehog 

tenrecs (Echinops telfairi). The later additionally provided me the perfect model organism for another 

approach; the function of brown adipose tissue in protoendothermic mammals and the revealing of 

selection constraints that supported the evolution of brown adipose tissue and mammalian 

endothermy. Specifically, the following questions were addressed: 

 
1. What are the effects of UCP1 activity on the torpor behavior of Eutherian mammals, can they 

arouse from hypometabolic and hypothermic states (torpor) without UCP1-mediated nonshivering 

thermogenesis? If so, what are the benefits of UCP1 activity for arousal?  

 
2. Does UCP1 play a role in the prevention of reactive oxygen species during nonshivering 

thermogenesis? Was the prevention of ROS the ancient function of UCP1? 

 
3. Do species from the Afrotropics adjust their thermoregulatory capacities during winter? Is 

nonshivering thermogenesis in Western rock elephant shrews adaptive and a common feature of 

the Afrotherian clade?  

 
4. Do protoendothermic Lesser hedgehog tenrecs possess functional brown adipose tissue and 

adaptive thermogenesis? If so, is the specific function of UCP1 comparable between 

protoendothermic and endothermic mammals? 

 
5. Was brown adipose tissue involved in the evolution of endothermy? 
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METHODS 
 

In this thesis, standard physiological and molecular methods were used and are briefly summarized in 

this section. Further information about the exact methodology can be found in the material and 

methods section of chapter I-IV. 

 

ANIMAL EXPERIMENTS  

All animal experiments were approved by the German animal welfare authorities. Experiments on 

Western rock elephant shrews in South Africa were permitted by the Western Cape Nature 

Conversation board (South Africa).  

- Writing protocols and applying for animal ethic approvals 

- Capturing of free-ranging animals using Sherman traps  

- Marking of free-ranging animals with ID-Transponders 

- Breeding and maintenance of UCP1-knockout mice and Lesser hedgehog tenrecs 

- Implantation of temperature sensitive transmitters for body temperature recordings 

- Acclimation of study animals to different ambient temperatures 

- Indirect calorimetry for the determination of metabolic rates  

- Injections of noradrenaline and the β3 adrenergic receptor antagonist SR 59230A to test for 

  nonshivering thermogenesis capacities 

- Dissection of animals to collect tissues and to identify brown fat depots 

- Preparation of brown adipose tissue, white adipose tissue, heart, liver, kidney, skeletal muscle, 

  spleen  

 

M OLECULAR TECHNIQUES  

- Genotyping of UCP1-knockout mice using polymerase chain reaction 

- Cloning of tenrec UCP1: Isolation of mRNA and Northern blot analysis, qPCR, RACE-PCR  

  experiments to identify the 5’- and 3’-UTR of the UCP1 transcript, amplification  

  of tenrec UCP1 cDNA using reverse transcriptase polymerase chain reaction, cloning in  

  PGEMTeasy and pcDNA 3 vector systems, plasmid preparations 

 - Cell culture techniques to grow, maintain and harvest HEK293 cells 

- Stable expression of tenrec UCP1 in HEK293 cells 

- Determination of UCP1 and β3 adrenoreceptor protein concentrations in tissue homogenates and 

  isolated mitochondria using standard immunoblotting techniques (Western blot) 

- Generation of tenrec UCP1 inclusion bodies, using a pMW172 vector and the E.coli strain C41   

   (DE3), as a protein standard 
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- Determination of protein concentration using the BCA, Bradford and Biuret method 

 

BIOCHEMICAL  ANALYSIS  

- Isolation of brown adipose tissue and skeletal muscle mitochondria by differential centrifugation 

- Polarographic measurements of cytochrome c oxidase activity in tissue homogenates and  

 mitochondria to analyze changes in oxidative capacity 

- Measurement of mitochondrial respiration rates in a temperature regulated chamber with a  

  Clark-type oxygen electrode 

- Determination of proton leak kinetics using a Clark- and a TPMP-electrode 

- Measurements of mitochondrial hydrogen peroxide releasing rates using the fluorescence assay  

  Amplex Red 

- Cell metabolism analyses using a Seahorse extracellular flux analyzer  

 

STATISTICAL ANALYSIS  

All statistical analyses were performed using Sigma Stat 3.5, Sigma Plot 10.0 (both from Jandel 

Scienti Wc, San Rafael, California) or the statistical package R (library nIme). The Students T-Test or 

One Way Anova were used to test for differences between groups and the paired T-Tests, Two Way 

Anova or Wilcoxon Test to test for differences within a group. In data sets were normal distribution of 

data could not be assumed the Mann Whitney U-Test was performed for analysis. In single cases the 

dynamic regression wizard function or a linear mixed effect model was used to calculate best fitting 

standard curves. All mean values are reported as mean values ± standard deviation (chapter I, III) or ± 

standard error (chapter II, IV and supplements). The 0.05 level of probability was accepted as 

indicating statistical significance. In chapter II the effective P-Values were adjusted according to 

Bonferroni. 
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SCOPE OF THE PHD-THESIS 
 

UCP1 EXPRESSION:  AN EFFECTIVE WAY OF ENDOGENOUS HEAT 

PRODUCTION (CHAPTER I ) 

Torpor is not intrinsically linked to the expression of brown fat, even though it contributes to the 

arousal process (Cannon and Nedergaard 2004). Members of phylogenetically ancient mammalian 

groups (e.g. monotremes and marsupials) display torpor and hibernation although lacking classical 

brown adipose tissue thermogenesis (Hayward and Lisson 1992, Jastroch et al. 2008, Nicol et al. 

2008). In these species rewarming to normothermia cannot be supported by UCP1-mediated 

thermogenesis, raising the question on the significance of brown adipose tissue and UCP1 in the 

context of torpor (Lyman and O´Brien 1986, Stone and Purvis 1992). 

In order to directly assess the quantitative magnitude by which the presence or absence of UCP1 

affects torpor patterns, rewarming and arousal rates within one species, I compared induced torpor 

behavior in wild-type and UCP1-deficient (UCP1-KO) mice. Mice belong to modern Eutherian 

mammals and are thought to rely on nonshivering thermogenesis during arousal from torpor. Torpor 

was induced by depriving mice of food for up to 48 hours combined with a reduction of ambient 

temperature from 30°C (thermoneutral zone) to 18°C (moderate cold). In response to the energetic and 

thermoregulatory challenge, both genotypes were able to enter and, more importantly, to arouse 

(rewarm) from torpor only by means of endogenous heat production mechanisms. The degree of 

hypometabolism and hypothermia was comparable in wild-type and UCP1-KO mice. But, in contrast 

to UCP1-KO mice, wild-type mice were able to enter and to arouse from multiple torpor bouts within 

48 hours. Occasionally UCP1-KO mice entered a second torpor bout but were unable to regain 

normothermia unless passively rewarmed with an infrared lamp. Arousal in UCP1-KO mice took 

significantly longer (+50%) and required 60% more energy, which may explain the inability of UCP1-

KO mice to display multiple torpor bouts per day. A result that clearly supports previous predictions 

that rapid rewarming from torpor is energetically less demanding compared to slow rewarming (Stone 

and Purvis 1992, McKechnie and Wolff 2004). The magnitude by which the artificial ablation of 

UCP1 influenced rewarming from torpor was within the range of results from pharmacological 

suppression of nonshivering thermogenesis in bats (-50%, Heldmaier 1970).  

In phylogenetically more ancient species rewarming to normothermia is largely achieved through 

shivering thermogenesis and, especially in animals from the southern hemisphere, arousal is assisted 

by the selection of a warmer thermal environment (for example sun basking, Ortmann et al. 1997, 

Lovegrove et al. 1999, Mzilikazi et al. 2002, Warnecke and Geiser 2010). This form of behavioral 

thermoregulation reduces arousal costs in animals not capable of nonshivering thermogenesis. 

Nevertheless it should be kept in mind that exogenous passive heating involves certain risks. First, 

animals have to leave their burrows and therewith are directly exposed to their predators; excluding 

animals that hibernate in poorly insulated tree holes (Dausmann et al. 2004). Secondly, arousal takes 
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longer and animals shiver more intensively which hinders locomotion and decreases chances of a 

successful escape which ultimately leads to a decrease of species fitness. The development of a 

thermogenic organ (like brown adipose tissue) might have been particularly beneficial for the 

migration to Holarctic regions, where sun basking cannot be used as efficient as in Afrotropical 

regions. However, Eutherian mammals can display normal torpor behavior without UCP1-mediated 

thermogenesis albeit increased arousal costs. 

 

I S TORPOR IN MICE LINKED TO ENDOGENOUS RHYTHMS  
(CHAPTER I )? 

In contrast to Djungarian hamsters (Phodopus sungorus) or mouse lemurs (Microcebus murinus), 

torpor in mice is not a physiological behavior of seasonal acclimation, e.g. in response to decreasing 

day length (Fig. 3 Introduction). Torpor in mice is a facultative, physiological response to energetic 

challenge which can be induced by a combination of food restriction and cold in the laboratory 

(Hudson and Scott 1979, Webb et al. 1982, Swoap et al. 2006, Dikic et al. 2008). In animals that show 

seasonal torpor behavior, a direct link between preparedness for torpor entry and the circadian system 

has been discussed in several studies (Heldmaier and Steinlechner 1981, Ortmann et al. 1997, 

McKechnie and Lovegrove 2001, Ehrhardt et al. 2005). In order to investigate the influence of the 

circadian system on torpor in laboratory mice, I induced torpor at different time points (6:00, 12:00, 

18:00, 24:00 CET) by lowering the ambient temperature from 30°C to 18°C. At 6:00, 12:00 and 24:00 

CET, animals entered torpor within 20 minutes after the temperature change, i.e. torpor entry could be 

“switched on”. Interestingly, when the cold exposure started at 18:00 CET (lights off), the start of the 

animals nocturnal activity period, torpor entry was delayed by 6 hours to midnight, the common onset 

of torpor in laboratory mice. Torpor bouts expressed during the light phases lasted 3-6 hours while 

significantly longer torpor bouts were recorded when mice entered torpor during the dark phase (~16 

hours).  

The differential responses to the interaction of cold and time of day suggested a functional link to 

an ultradian rhythm, which is permissive for torpor entry in laboratory mice. This hypothesis is 

supported by two independent findings. Ablation of the SCN, the pacemaker of the circadian rhythm, 

abolishes torpor timing and peripheral sympathetic inhibition by 6-hydroxydopamine (6-OHDA) 

suppresses torpor and ultradian rhythms of body temperature in Djungarian hamsters (Phodopus 

sungorus, Ruby and Zucker 1992, Braulke and Heldmaier 2010). Additionally, several recent findings 

support a strong relationship between energetic challenges and the activity or rather the torpor 

behavior of different Eutherian species (Daan et al. 2011, Hut et al. 2011, Grimpo et al. 2012) thereby 

underlining our hypothesis that facultative torpor in mice might be based on a tight ultradian rhythm. 

Further experiments will be necessary to verify this assumption.  
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SUPEROXIDE PRODUCTION IN BROWN ADIPOSE TISSUE MITOCH ONDRIA 

IS SENSITIVE TO MILD UNCOUPLING (CHAPTER II ) 

Mitochondria are the main source of cellular reactive oxygen species (ROS) and therefore often play 

an important role in cell damage and degradation processes (Cadenas et al. 2000), that cause a 

decrease in life span (“free radical of aging theory” Harman 1956, 1972). Altering the mitochondrial 

membrane potential can prevent a large proportion of mitochondrial ROS and attenuate cellular aging 

processes (Boveris et al. 1976, Nohl et al. 1996, Herrero et al. 1998). UCP1 expression and activity 

influences the membrane potential and conclusively might be a highly effective in vivo “antioxidant” 

that prevents the production of mitochondrial ROS and thereby reduces cellular damage. Interestingly, 

UCP1-ablated mice die after several weeks in the cold, with no obvious signs of physical deterioration 

(Golozobouva et al. 2006); raising the possibility that lack of UCP1 not just impairs thermogenesis, 

but may also lead to detrimental accumulation of ROS. However, a function of UCP1 activity in the 

prevention of ROS is highly disputed (see introduction, Echtay et al. 2002, Echtay et al. 2003, Silva et 

al. 2005, Shabalina et al. 2006).  

The availability of UCP1-ablated mice enabled me to dissociate UCP1 dependent and independent 

effects on mitochondrial ROS production rates and allowed us to ultimately determine the role of 

UCP1 in “mild uncoupling” mitochondria. I investigated the impact of different substrates (succinate, 

glycerol-3-phosphate, pyruvate/malate) on mitochondrial respiration and superoxide production rates 

in isolated brown adipose tissue mitochondria of wild-type mice and UCP1-KO littermates. As 

suggested by Echtay et al. (2002, 2003) superoxide production rates at state 4 (basal or leak 

respiration) were lower in wild-type mitochondria than in UCP1-KO mice mitochondria, even though 

maximal inducible respiration rates were similar. This reduction in superoxide production was 

attributable to UCP1, because the addition of the UCP1 inhibitor guanosindiphosphate (GDP) 

abolished genotype differences by increasing superoxide production rates of wild-type mitochondria.  

Our experimental setup allowed the further determination of the exact superoxide production sites 

and how they were influenced by UCP1 activity. This analysis revealed that UCP1 activity decreases 

superoxide production at the IQ-site of complex I by ~40-50%, at the glycerol-3-phosphate 

dehydrogenase by 20% and at residual sites such as the Q pool and complex III by 50-70%. Next to 

UCP1 activity, other proteins may also influence the mitochondrial membrane potential, leading to an 

elevated superoxide production rate independent of UCP1. The adenine translocase, for example, has 

been shown to significantly contribute to the basal proton leak (Brand et al. 2005) and as regulator of 

mitochondrial uncoupling (Khailova et al. 2006). However, the adenosines translocase (ANT) had no 

effect on superoxide production rates in our experiments and conclusively the observed effects were 

all attributable to UCP1 uncoupling activity. 

The direction of the electron flow causing electron leak and superoxide formation is still 

controversially discussed. Superoxide formation with NADH-linked substrates, like pyruvate and 

malate, is generally associated with forward electron transport. Under these conditions I found nearly 
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no generation of superoxide but in another approach, with succinate as substrate for complex II, I 

found a rotenone (inhibits complex I) and GDP (inhibits UCP1) sensitive formation of superoxide. 

ROS production was reduced when UCP1 was active and electron transport was predominantly 

forward. Conclusively I suggest diminished probability of “reverse electron transport” facilitated by 

uncoupled respiration as the underlying mechanism of reactive oxygen species suppression in brown 

adipose tissue. This suggestion has been recently contested by Schönfeld et al. (2012), who argued that 

superoxide production in brown adipose tissue mitochondria is not caused by reverse electron 

transport and is not influenced by UCP1 activity. However, their isolated mitochondria could not 

establish a membrane potential respiring on succinate, a hint that mitochondria were damaged during 

the isolation process and less integrative. The same arguments can be raised for data in Shabalina et al. 

(2006), where it was proposed that UCP1 has no effect on superoxide production; these were 

measured rates in the presence of complex I and III inhibitors. For these conditions, however, the 

magnitude of membrane potential is negligible. Nevertheless, a role of UCP1 in the prevention of ROS 

production has been meanwhile confirmed and approved by additional studies on UCP1-ablated mice 

(Dlaskova et al. 2010) and on transgenic mice that ectopically express UCP1 in skeletal muscle 

mitochondria (Keipert et al. 2010).  

Conclusively, these results clearly demonstrate that mild uncoupling activity catalyzed by UCP1 

reduces the production of deleterious oxygen species in brown adipose tissue mitochondria. 

 

UNCOUPLING ALLOWS HIGH SUBSTRATE TURNOVER RATES DURI NG 

NONSHIVERING THERMOGENESIS SIMULTANEOUSLY LOWERING 

ROS PRODUCTION (CHAPTER II ) 

In the upper part, I approved a role of UCP1 in mild uncoupling mitochondria and itemized the 

underlying mechanism. However this thesis aims to unravel the significance of brown adipose tissue 

in mammals, wherefore it is insufficient to solely describe functions of UCP1 under non-physiological 

conditions. Therefore I designed an advanced approach where I mimicked physiological conditions in 

my experimental setup. Again I isolated brown adipose tissue mitochondria of wild-type mice and 

UCP1-KO littermates, but this time animals were previously acclimated to either 30°C (thermoneutral 

conditions) or 5°C (cold) to mimick cold stress. Respiration was stimulated using substrates for beta 

oxidation (palmitate). 

Cold stress causes the activation of brown adipose tissue and induces its proliferation to produce 

additional heat. Accordingly I detected an increase in UCP1 protein levels and wild-type mitochondria 

leak respiration. The UCP1-dependent proton turnover rate in response to cold was increased by 

1.6µmol protons per minute or 300%. Under these conditions the probability of electrons to leak from 

the respiratory chain to form superoxide should increase, but my results showed that UCP1 blunts this 

increase (-96% of potential superoxide production). Interestingly UCP1-ablated mice failed to increase 
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their oxidative capacity in response to cold acclimation, maybe a protection mechanism to avoid toxic 

superoxide levels in the brown adipocytes.  

During nonshivering thermogenesis, triglycerides are broken down by lipolytic activity and free 

fatty acids are released to serve as substrates for β-oxidation, the major pathway of substrate oxidation 

in brown adipose tissue during cold-induced thermogenesis. To highlight and analyze the relevance of 

UCP1 in a physiological scenario I stimulated respiration with palmitate to reproduce a situation of 

cold-stimulated lipolysis. Similar to what I have observed previously, UCP1 expression increased 

mitochondria respiration rates by simultaneously lowering superoxide production rates. Therefore I 

finally conclude that mammalian UCP1 allows high oxidation rates in the absence of mitochondrial 

ROS production during nonshivering thermogenesis.  

Evolution may have promoted the presence of UCP1 in adaptive nonshivering thermogenesis of 

mammals because of its dual role in heat production and superoxide prevention. The role of ancient 

UCP1 orthologues in ectotherms (Jastroch et al. 2005) may therefore be the prevention of superoxide 

production before nonshivering thermogenesis evolved. While specific accumulation of ROS in brown 

adipocytes may not be directly causative for the decreased survival rates of UCP1-ablated mice in the 

cold, other sources of heat production may have recruited and increased systemic radical damage, 

therefore affecting life span (supplements chapter II). 

 
SEASONAL METABOLIC ADJUSTMENTS OF WESTERN ROCK 

ELEPHANT SHREWS (CHAPTER III )  

As outlined above, brown adipose tissue and torpor are not a prerogative of Eutherian mammals from 

the Holartic region. To better understand the function of brown adipose tissue in phylogenetically 

more ancient mammalian orders from Afrotropical regions, I analyzed the thermoregulatory capacity 

of an Afrotherian mammal from South Africa under natural conditions. Based on my main research 

interest, the significance of brown adipose tissue in mammals (not only in modern Eutherians) and the 

evolutionary patterns of its development, I sought to address the following questions: 1) How flexible 

are the seasonal metabolic adjustments in small sized mammals from the southern hemisphere in 

comparison to mammals from the northern hemisphere? 2) How common is adaptive thermogenesis in 

Afrotherian species? 

Therefore, I worked with free ranging Western rock elephant shrews (Elephantulus rupestris) that 

naturally occur in the Western Cape of South Africa. Western rock elephant shrews belong to the 

superorder Afrotheria, phylogenetically “basal” Eutherian mammals which separated from the 

mammalian lineage over 100 mya (Springer et al. 1997, Fig. 4). They are an excellent model organism 

to investigate seasonal metabolic adjustments, as they belong to the smallest members of the 

Afrotherian superorder and live in a highly seasonal environment with winter rainfall (Fig. 4).  
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Figure 4: The natural habitat of Western rock elephant shrews (Elephantulus rupestris) during summer 
and winter. Pictures were taken at the Gamkaberg Nature reserve (S 33°40.245; E 21°53.164, altitude: 378 m) 
in South Africa where the study was conducted. The reserve is located between the winter and summer rainfall 
regions with gentle rain in winter and thundershowers in summer. Summers are dry and plants flower only 
during the winter months (C). The annual rainfall averages 500 mm at the summits and 200 mm on the lower 
slopes of the mountain, light snow occasionally falls during winter (Ta: summer >40°C and winter <5°C; T. 
Barry, Cape Nature, pers. comm.).  
 

Additionally several members of Afrotheria have been previously reported to show daily torpor 

(Scholl 1974, Fielden et al. 1990, Lovegrove et al. 1999, Mzilikazi and Lovegrove 2004, Scantleburry 

et al. 2008, Geiser and Mzilikazi 2011). So far no study on seasonal metabolic adjustments in elephant 

shrews has been conducted under natural conditions in the field. Only one study recorded body 

temperatures of free-ranging animals, showing a pronounced use of torpor (Elephantulus myurus, 

Mzilikazi and Lovegrove 2004). With this study, I provided the first physiological data set of Western 

rock elephant shrews in their natural habitat during winter and summer (resting metabolic rate and 

body temperature patterns). Surprisingly, elephant shrews were extremely flexible in their seasonal 

adjustments to counteract adverse environmental conditions. Their basal metabolic rate during winter 

was decreased and the slope of the linear increase in resting metabolic rate below thermoneutrality was 

shallower. This may indicate an improvement of fur insulation or a lowered body temperature. Both 

lead to a lower thermal conductance and consequently, to a decrease in thermoregulatory costs during 

winter. Notably, males and females entered torpor not only in winter; they also displayed torpor in 

summer. However, in winter the incidence of torpor was higher and torpor episodes were longer and 

deeper (Tb min: 11.9°C).  

In facultative heterotherms, heterothermy is a physiological response that is usually associated with 

cold conditions, a short photoperiod and food scarcity. From personal observations I can exclude that 

torpor was induced by low prey abundance or a drought year. Nevertheless I detected another physical 

parameter that occurred as a predictor of torpor in elephant shrews, namely air humidity e.g. rain. High 

air humidity moistens the fur, collapses the insulating air layer and thereby increases thermal 

conduction. To my knowledge only one previous study reports on a correlation between the 

occurrence of rain and torpor (Körtner and Geiser 2000). It will be important to further assess the 

impact of air humidity on life history traits in future studies.  

The flexibility of torpor behavior in Western rock elephant shrews was further visible in a flexible 

timing of torpor entry and the capacity to arouse in winter without exogenous heating sources, unlike 

Eastern rock elephant shrews (Elephantulus myurus, Mzilikazi et al. 2002). Eastern rock elephant 
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shrews live in a summer rainfall area and it is possible that the harsher environmental conditions in my 

study favored adaptive thermogenesis that assisted arousal, which will be further evaluated below. 

 

ADAPTIVE THERMOGENESIS IS A COMMON FEATURE IN 

AFROTHERIANS (CHAPTER III ) 

So far published data on adaptive thermogenesis in Afrotherians are controversial. Absence of an 

increased thermogenic response following cold acclimation could be a plesiomorphic feature, as the 

African endemic species were not exposed to highly seasonal cold climates during the Late Cenozoic 

(Lovegrove 2012). This would confirm an evolutionary scenario in which brown adipose tissue indeed 

evolved to survive the cold. I therefore aimed to elucidate if adaptive thermogenesis is in fact 

restricted to Afrotherian mammals that live in subterranean burrow systems or if the laboratory study 

of Mzilikazi et al. 2007 was insufficient to trigger the seasonal changes that Eastern rock elephant 

shrews exhibit in the wild.   

I determined the capacity for nonshivering thermogenesis of Western rock elephant shrews, 

acclimatized to summer and winter, by injecting animals with noradrenaline (Fig. 2). Adrenergic 

stimulation of thermogenesis is an established method to quantify the magnitude of nonshivering 

thermogenesis in vivo (Heldmaier 1971, Cannon and Nedergaard 2011). Following noradrenaline 

injection, both groups increased their metabolic rate. Nevertheless maximum metabolic rates were 

reached faster and were 1.8 fold higher in winter acclimatized animals, than in summer acclimatized 

animals. This represents a clear proof for the presence of adaptive thermogenesis in Western rock 

elephant shrews. In free-ranging animals environmental factors like photoperiod or rain may enforce 

the development of a higher nonshivering thermogenesis capacity during harsher season (Heldmaier et 

al. 1981, Haim 1982, Kronfeld-Schor et al. 2000). This might explain why Mzilikazi et al. 2007 could 

not detect adaptive thermogenesis in Eastern rock elephant shrews.  

On the basis of an allometric relationship between body mass and nonshivering thermogenesis of 

modern Eutherians from cold climates (Heldmaier 1971), the maximum metabolic rate after 

noradrenaline injection was 36% lower than predicted. At first sight this may indicate that 

Afrotherians have reduced thermoregulatory capacities. Using a regression which includes 19 species 

from the southern hemisphere and accounts for phylogeny (Mzilikazi and Lovegrove 2006), however 

the capacity for nonshivering thermogenesis of Western rock elephant shrews is only slightly (-14%) 

below the predicted value. Taken together Western rock elephant shrews exhibit seasonal metabolic 

adjustments comparable to Holartic rodents (compare to Geiser and Mzilikazi 2011). Moreover 

adaptive thermogenesis occurs in Afrotropical regions and is a widespread feature of the Afrotherian 

superorder, thereby disproving an evolutionary scenario in which brown adipose tissue primarily 

evolved to colonize Holartic regions. 
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PROTOENDOTHERMIC MAMMALS POSSESS FULLY FUNCTIONAL 

BROWN ADIPOSE TISSUE (CHAPTER IV ) 

It is possible that brown adipose tissue was first invented to assist protoendothemic mammals in 

defending a temporarily high body temperature. Together with Mzilikazi et al. (2007) and 

Scantleburry et al. (2008) I could confirm full functional brown fat and the occurrence of adaptive 

thermogenesis in Afrotherian mammals. In the next step I investigated the link between 

protoendothermy and brown adipose tissue in Lesser hedge tenrecs (Echinops telfairi), 

protoendothermic members of the Afrotheria (Fig. 5). 

As it has been previously reported for free 

ranging tenrecs (Lovegrove and Genin 2008), 

all investigated tenrecs showed pronounced 

daily body temperature fluctuations (21°C-

33°C) with only a few hours of high body 

temperatures, irrespective of the surrounding 

ambient temperature (Ta: 20-27°C). In my 

experimental setup no exogenous heat 

sources were available, nevertheless animals 

were capable of rewarming only by the means 

of endogenous heat production mechanisms 

on a daily basis (shivering or nonshivering 

thermogenesis). Even though Lesser hedgehog tenrecs appeared very opportunistic in their 

thermoregulatory behavior, I detected brown adipose tissue and could confirm the expression of UCP1 

on the mRNA and protein level. A cold acclimation study could additionally confirm the occurrence of 

adaptive thermogenesis in vivo and in vitro. Cold acclimated animals had significantly reduced 

rewarming rates from torpor after inhibition of the β3-signalling pathway, supporting inhibition of 

adaptive nonshivering thermogenesis that classically replaces shivering thermogenesis during cold 

acclimation. Furthermore cold acclimation led to a proliferation of brown adipose tissue resulting in 2 

fold higher UCP1 levels in tissue homogenates and mitochondria which was accompanied by an 

increase in oxidative capacity (higher cytochrome c oxidase (COX) activity) and mitochondrial 

respiration rates in state 4. Inhibition of UCP1 with GDP re-coupled mitochondria, leading to a higher 

membrane potential and a lower respiration rate thereby demonstrating that UCP1 expression 

significantly contributes to the proton leak of brown adipose tissue mitochondria. 

For further comparative biochemical characterization of tenrec UCP1, tenrec and mouse UCP1 

orthologues were cloned and stably transfected in HEK293 cells to measure protein function in front 

of the same cellular background. Interestingly, the specific activity of tenrec and mouse UCP1 did not 

differ, despite their large evolutionary distance and the different thermoregulatory strategies of both 

species. In fact, it is currently a matter of debate if the thermoregulatory behavior of modern 

 
Figure 5: Lesser hedgehog tenrecs (Echinops telfairi) are 
protoendothermic mammals belonging to the subfamily of 
Tenrecinae within the Afrotherians. It is a small 
insectivorous mammal endemic to south-western parts of 
Madagascar, where it inhabits deciduous, gallery and 
xerophytic spiny forests. Minimum ambient temperatures 
during winter are reported to be around 10°C (Lovegrove 
and Genin 2008). In external appearance it resembles a 
European hedgehog with a sparsely haired abdomen and a 
spiny back.  
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heterothermic endotherms and ancient protoendotherms cannot be ascribed to a joint origin. As Grigg 

et al. stated in 2004: “However, noting that hibernation and torpor are almost certainly plesiomorphic 

(= ancestral, primitive), and that heterothermy is very common among endotherms, we propose that 

homeothermic endothermy evolved via heterothermy, with the earliest protoendotherms being 

facultatively endothermic and retaining their ectothermic capacity for “constitutional eurythermy”.” 

An assumption that was further promoted by Lovegrove in 2012. If heterothermy in modern Eutherian 

mammals is a plesiomorphic or apomorphic feature needs further investigation in future projects. 

However, for the first time, I could show the presence of functional brown adipose tissue in a 

protoendothermic mammal and could therefore design a new scheme illustrating the significance of 

brown adipose tissue across the animal kingdom (Fig. 6).   
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Figure 6. Emergence of brown adipose tissue (BAT) traits along the mammalian lineage. The uncoupling 
protein 1 (UCP1) is the critical protein for brown adipose tissue mediated nonshivering thermogenesis. Its 
expression dates back to the evolutionary stage of teleost fish and amphibians more than 400mya, even though 
functional, a thermogenic function has been excluded as unlikely in this species (Jastroch et al. 2005, 2007, 
Trzcionka et al. 2008). During mammalian evolution the order Monotremata separated from the mammalian 
lineage around a 170mya in late Jurassic (Wesley et al. 2008). UCP1 orthologues can be found in the Platypus 
(J) genome, but anatomical inspections of Echidnas (I) and Platypus so far failed to detect brown adipose tissue 
in vivo. South American marsupials express brown adipose tissue at the juvenile stage in Gray short-tailed 
opossums (G), whereas the Australian members of this clade possess large brown fat depots during adulthood in 
the Fat-tailed dunnart (Jastroch et al. 2008). However, brown adipose tissue thermogenesis seems to be non-
adaptive (Polymeropolous et al. 2012) and the full functionality of marsupial UCP1 remains to be approved. 
According to this thesis and the findings of Mzilikazi et al. 2007 and Scantleburry et al. 2008 brown adipose 
tissue in Afrotropical Afrotherians is functional and adaptive in elephant shrews (D, Mzilikazi et al. 2007, 
Oelkrug et al. 2012) and Lesser hedgehog tenrecs (F, Oelkrug et al. 2013 in revision), and is possibly responsible 
for adaptive thermogenesis in Hottentot golden moles (E, Scantleburry et al. 2008). Holartic Eutherians are the 
best investigated mammalian group in which the most pronounced form of adaptive thermogenesis can be found 
in small mammals and newborns, for example in mice (A), hamsters (B) and rats (C), with the exception of pigs 
where a naturally disrupted UCP1 gene results in poor thermoregulation (Berg et al. 2006).   
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DID ENDOTHERMY EVOLVE AS A CONSEQUENCE OF OFFSPRING 

INCUBATION ? (CHAPTER IV ) 

Even though mammals and birds are regarded as the classic endotherms, heterothermia or local 

endothermy can also be found in insects, fishes, reptiles and even some plants (Seymour 2010). Birds 

and mammals maintain constant high body temperatures by, among others, minimizing their thermal 

conductance with fur or feathers. However, covering a reptile with an insulating layer does not result 

in high body temperature, as it has been demonstrated in lizards dressed in custom-cut mink coats 

(Cowles 1958), suggesting more profound physiological changes that encompass endothermic 

homeothermy. The evolution of mammalian endothermy still is a central research subject for many 

evolutionary biologists, physiologists and ecologists (Koteja 2000, Lovegrove 2012). Interestingly, 

even though brown adipose tissue is a very important thermogenic organ that is discussed as a 

therapeutic target for many human metabolic disorders, the context between brown adipose tissue 

development and the evolution of endothermy has not been reviewed.  

A phylogenetic analysis of UCP1 sequences from different mammalian orders revealed that the 

tenrec UCP1 orthologue is among the most modern existing forms of UCP1 (supplements: 

Evolutionary tree of UCP1), whereas UCP1 of the “modern” Eutherian clade seems to be already 

modified. This is especially interesting as anatomical inspections of tenrecs post mortem identified the 

major brown adipose tissue depot in the area around the gonads (~60-70% of total organ weight) 

whereas only small brown fat patches could be found in the typical axillary and dorso-cervical region. 

This is an unusual location for the major brown fat depot that normally is predominantly expressed in 

the intrascapular and dorso-cervical region (~ 50-60% in mice and rats, Bal et al. 2012) or axillary and 

subscapular region (~50% in hamster, Heldmaier et al. 2012). Active gonadal brown adipose tissue in 

males and females, together with sustained homeothermy during periods of parental care may point 

towards a use BAT-derived thermogenesis during periods of parental care. 

Interestingly, a role of brown adipose tissue in reproduction is not supported considering studies in 

modern Eutherian mammals (Trayhurn et al. 1982, Trayhurn and Wusteman 1987). As modern 

mammals have high body temperatures around 36-37°C, the thermogenic capacity of BAT is 

decreased during pregnancy and lactation, possibly to avoid overheating (reviewed by Cannon and 

Nedergaard 2004). Rats are the only modern mammals where relatively large renal-abdominal BAT 

depots have been reported (25% of total BAT, Smith and Roberts 1964). The interscapular BAT of 

rats is inactive during pregnancy and lactation (Villarroya et al. 1987, Abelenda and Puerta 1987), 

unfortunately there are no data available about physiological activity of renal BAT.  

Cold exposure does not lead to any activation of brown adipose tissue for body temperature 

defense in Lesser hedgehog tenrecs. Wünnenberg et al. postulated in 1974 that the dorsal brown 

adipose tissue of European hedgehogs is functionally non-uniform and that there is a catcholamine 

(noradrenaline) independent mode of nonshivering thermogenesis. Catecholamines appeared to 

activate the interscapular brown adipose tissue during arousal from hibernation whereas 
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desoxycorticosterone-like compounds activated a dorsal brown fat layer during cold exposure. The 

same may account for the specific activation of tenrec renal brown adipose tissue during periods of 

parental care, the regulatory pathway may be different from the commonly accepted pathway.  

If brown adipose tissue thermogenesis is indeed important for reproduction in female tenrecs, what 

could be a thermogenic role in males? Interestingly, incubation temperature of reproductive cells is 

temperature-sensitive. In modern Eutherian mammals, spermatogenesis is maintained at 2 °C 

(humans) to 8 °C (mouse) below body temperature while in reptiles, the rate of spermatogenesis 

increases with increasing temperatures (Licht 1972, Joly and Saint Girons 1975). In hibernating 

ground squirrels, the testicular androgen production also is highly temperature sensitive and inhibited 

during deep torpor (Ta: 5°C; Barnes et al. 1987). Conclusively spermatogenesis in male tenrecs might 

be as well temperature sensitive and more efficient at higher body temperature (Tb~33°C). In an 

evolutionary scenario, brown fat may have assisted in selection advantages by incubating reproductive 

cells of males and females independently of ambient temperature and thereby increasing the 

reproduction success. Conclusively this study indirectly supports the parental care theory of the 

evolution of endothermy (Fig. 7). 
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CONCLUSION 
 

My PhD-thesis aimed to provide new perspectives on the significance of brown adipose tissue in 

mammals and maybe to emphasize a novel and more profound evolutionary scenario of its 

development. I was particularly interested in UCP1s quantitative contribution to torpor arousal and its 

role in the protection against ROS in Eutherian mammals. Furthermore I sought to clarify the function 

of brown adipose tissue in Afrotherians and especially protoendotherms. By combining state of the art 

physiological, molecular and biochemical techniques I could clearly demonstrate that: 

 

1)  UCP1 expression facilitates accelerated arousal rates from hypometabolic and hypothermic 

states while requiring 60% less energy.  A clear advantage considering that torpor is a 

physiological behavior to save energy in periods of limited food and water resources. 

Nevertheless, UCP1 is not essential for normal torpor behavior of Eutherian mammals but 

might have been particularly beneficial for the migration to Holarctic regions, where sun 

basking cannot be used as efficient as in Afrotropical regions.   

2)  Furthermore, UCP1 allows high substrate turnover rates during nonshivering thermogenesis 

without the production of deleterious reactive oxygen species. Conclusively UCP1 has a dual 

role in heat production and superoxide production in modern Eutherians. The role of recently 

discovered ancient UCP1 orthologues in ectotherms could therefore be the prevention of 

superoxide production prior to the acquisition of nonshivering thermogenesis.  

3)  Following the trait of the evolutionary history of adaptive thermogenesis, I finally confirmed 

that adaptive thermogenesis is already present at the evolutionary stage of Afrotherians and is 

a widespread feature within this clade and, consequently, in Afrotropical regions. Therefore it 

is unlikely that brown adipose tissue evolved its thermogenic function solely during migration 

to Holartic regions.  

4)  Additional studies on the Lesser hedgehog tenrec showed for the first time the expression of 

full functional brown adipose tissue and adaptive thermogenesis in a protoendothermic 

mammal. Unexpectedly, the tenrec UCP1 orthologue appeared as a modern form of UCP1 in 

phylogenetic analysis. The correlative evidence suggests that the evolution of brown adipose 

tissue is linked to selection for increased incubation temperatures during periods of parental 

care. 

 

Based on these findings we designed a scheme of an evolutionary scenario in which brown adipose 

tissue developed as a consequence of selection for improved offspring incubation in protoendotherms 

(Fig. 7). This promoted the radiation of ancient Eutherian mammals and the evolution of the first 

obligate endothermic mammals. The development and functional expansion of brown adipose tissue 

towards defending a high body temperature facilitated a further niche expansion and the migration into  
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cold environments, leading to a more successful radiation of modern Eutherian mammals.  

 

 

Figure 7: Re-routing the evolution of Eutherian endothermy. The role of brown adipose tissue (BAT) 
prior to mammalian radiation to the cold. The conventional view of the evolution of brown adipose tissue 
mediated thermogenesis predicts that brown fat primarily evolved (directly or indirectly) for body temperature 
(Tb) defense to display obligate endothermy. An evolutionary scenario in which the metabolic costs (MR: 
metabolic rate) clearly exceed the benefits of the new invention. Therefore we propose that brown adipose tissue 
gained a thermogenic function first in protoendothermic mammals to increase body temperature during periods 
of parental care. The only scenario in which the metabolic costs were lower than the benefits of the new 
invention. Later on brown adipose tissue was used for a defense of body temperature, leading to a niche 
expansion to Holartic regions and the successful radiation of modern Eutherian mammals. 
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TRANSLATIONAL VALUE 
 

BROWN ADIPOSE TISSUE AND UCP1 AS A THERAPEUTIC TARGET TO COMBAT 

OBESITY AND COMORBIDITIES  

Epidemiological studies forecasted that by 2030, 2.16 billion people worldwide will be overweight 

and 1.12 billion people will be obese (Kastorini et al. 2011). Type 2 diabetes and the associated beta-

cell failure is up to 90% attributable to weight gain and will increase in parallel with the pandemic of 

obesity. These forecasts are serious and thus the investigation of new therapeutic targets regarding 

obesity is indispensable. The definite confirmation of human brown adipose tissue in 2007 promoted 

the brown fat research sector (Fig. 8, Nedergaard et al. 2007) and established a broader interest of the 

scientific community in this research field (222 publications in 2007 to 413 in 2012, source: 

www.pubmed.com). Several studies could show that human brown fat is similarly regulated as it has 

been previously postulated for murine 

models (Fig. 8G) and brown fat 

became the focus of attention as a new 

potential therapeutic target for the 

treatment of human body weight 

disorders (Cypress et al. 2009, van 

Marken Lichtenbelt et al. 2009, 

Virtanen et al. 2009). Already the 

selective activation of 50g brown fat 

could account for a 20% daily increase 

in energy expenditure (Rothwell and 

Stock, 1983), a promising and minimal 

invasive way to counteract obesity and 

to successfully fight many serious 

diseases of the new world. Therefore 

this study not only provides important 

results for the further clarification of 

brown adipose tissue function in small 

or ancient mammals; it is also helpful 

to fully elucidate the function and 

regulation of brown adipose tissue 

pathways in humans. 

 
 

Figure 8. Brown adipose tissue activity in humans as assessed 
by PET–CT with 18F-FDG. Brown fat in humans can be activated 
upon weight loss and cold exposure. A)  Lean subjects with the 
highest levels of brown-adipose-tissue activity, B) lean subjects 
with median levels of activity, and C) obese or overweight subjects 
with the lowest levels of activity (C). D-F) The supraclavicular 
region has the greatest amount of brown adipose tissue. G) 
Comparative PET–CT scans reveal the patterns of 18F-FDG uptake 
in a subject from the lean group after exposure to cold and under 
thermoneutral conditions. Panel H shows the distribution of brown 
adipose tissue in newborn and adult humans (red-brown patches, 
http://www.daserste.de/information/wissen-kultur/w-wie-wissen/se 
ndung/2012/braunes-fettgewebe-100.html). Figure (A-G) and text 
modified after van Marken Lichtenbelt et al. 2009.  
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Endothermy has facilitated mammalian species radiation and led to multiple evolutionary models of its 
origin. Yet, to date, these models lack molecular evidence. Here, we studied the Lesser hedgehog 
tenrec (Echinops telfairi), a phylogenetically ancient, extant ‘protoendothermic’ mammal, in which 
constantly high body temperatures were reported only during pregnancy and parental care. Evidence 
for nonshivering thermogenesis (NST) was found in vivo during periodic ectothermic-endothermic 
transitions. Anatomical studies revealed large brown fat-like structures in the proximity of the 
reproductive organs. Biochemical analysis demonstrated cold-induced recruitment of oxidative 
capacity and a high mitochondrial proton leak catalyzed by an uncoupling protein 1 (UCP1) ortholog. 
Strikingly, bioenergetic profiling of tenrec UCP1 revealed similar thermogenic potency as modern 
mouse UCP1, despite the large phylogenetic distance. The inevitable use of NST during reproduction 
and the unusual anatomic location of brown adipose tissue (BAT) support the parental care model, 
linking BAT directly to the evolutionary onset of sustained Eutherian endothermy.  
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he discovery of evolutionary events that 
allowed mammals to generate and sustain 
high body temperatures (Tb) is one of the 
most intriguing, and still unresolved, 
questions in the evolutionary physiology 
of vertebrates1-3. A variety of 

evolutionary models promote high Tb as a facilitator 
of higher resting metabolic rate (RMR), which may 
represent selection benefits4-6. Other models, 
however, favour the idea that high metabolic rates are 
instead a secondary consequence of increased 
exercise, increased brain size and high aerobic 
capacity, arguing that the advantages of high Tb per 
se are insufficient to compensate for the energetic 
costs7. Evolutionary ecologists agree that decreasing 
juvenile mortality and accelerating growth to maturity 
are among the most effective ways of increasing 
species fitness8, leading to the hypothesis that the 
benefits of parental care are key in the undestanding 
of endothermic convergence between 
mammals and birds2, 5. 

During mammalian evolution, there is 
increasing archaeological evidence that 
early mammals were rather small, and, 
though not having to cope with extreme 
cold climates, endothermy at unfavourable 
body surface-to-volume ratios possibly 
required insulation and regulatory heating 
abilities6. Recent Eutherian mammals 
regulate and maintain high Tbs by various 
physiological processes, including both 
shivering and nonshivering thermogenesis 
(NST, ref. 9). In many modern Eutherian 
mammals the major source of NST is 
brown adipose tissue (BAT), which is 
characterized by high mitochondrial 
content and the expression of uncoupling 
protein 1 (UCP1)10. UCP1 transports 
protons directly across the mitochondrial 
inner membrane, bypassing ATP 
production, thereby dissipating proton 
motive force as heat. For small sized 
mammalian species, the significance of 
BAT for the maintenance of high Tbs in the 
cold and for the arousal from torpid or 
hibernating states is well established9, 11. 
Yet an ultimate cause favouring the 
evolution of distinct anatomical depots with 
specific thermogenic properties has to be 
revealed. This is particularly intriguing as 
the evolutionary history of UCP1 dates 
back to the origin of teleost fishes about 
420 million years ago12.  
 To gain insight into the origins of NST 
and its role in the evolution of endothermy, 
we studied the Lesser hedgehog tenrec, 
Echinops telfairi, a member of the 
phylogenetically ancient Afrotherian clade 
of Eutherian mammals. The tenrec is 
considered ‘protoendothermic’ as Tb tracks 
closely to ambient temperature (Ta) in 

reptilian-like patterns, with only a few hours of 
endothermic periods13. Although having primitive 
thermoregulation, tenrec females maintain constantly 
high Tbs (~33°C) during pregnancy and periods of 
parental care14.  
 
Results 
 
Similar to observations in the wild13 all tenrecs in 
captivity showed pronounced Tb fluctuation even 
when kept at a relatively constant Ta (Fig. 1a, ref. 15). 
Tb nadirs decreased in the cold and were paralleled by 
a corresponding expansion of daily Tb amplitudes 
(Fig. 1b).  As judged from the Tb distribution 
patterns, tenrecs were colder than 30°C for most of 
the time (Fig.1c). On average, minimal Tb was always 
0.4-1.6°C higher than Ta. Tb maximized at 32°C, 
irrespective of Ta, reflecting the lowest Tbs of 
Eutherians among egg-laying monotremes and 

T 

 
Figure 1: Thermoregulatory behavior of E. telfairi. a-b) Representative Tb 
traces of a WA (a, WA, Ta =27°C) and a successively CA acclimated (b, 27°C 
to 20°C) tenrec. c-f) Tb histograms at different Tas (N=6 per chart). g) Mean RMR 
and Tb ± SD (inset graph) over a range of Tas, determining the TNZ (WA: N=5-6; 
CA: N=6; *P=0.001, Students t-test). h) Temporal-resolved thermogenic profile, 
including heating events from hypothermia. i) Heat production (HP) during 
euthermia and hypometabolism. j-k) Average HP and average rewarming rates 
during arousal, calculated over the same temperature range of 25.5-29.75°C, with or 
without injection of the β3-adrenergic antagonist SR 59230A (see also 
Supplemental fig. 1) (N=5 per group; P< 0.05 paired t-test). 
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“poikilothermic” Naked mole-rats (Heterocephalus 
glaber)16. The brief daily episodes of high Tb were 
regularly observed during the dark phase of the 
light/dark cycle, but tenrecs never remained 
homeothermic at this level for more than 6 hours. 
Notably, all tenrecs were capable of rewarming from 
hypothermia in the absence of exogenous sources of 
heat. We frequently observed animals feeding while 
still at low Tb, and then rewarming to >30°C, which 
was always accompanied by visible shivering. 
 Using combined indirect calorimetry and Tb 
telemetry the thermoneutral zone of warm (WA) and 
cold acclimated (CA) E. telfairi was determined for 
the first time, revealing a thermal window of 30 to 
<34°C in both groups (Fig. 1g). The RMRs at 

thermoneutrality were exceptionally low as compared 
to similar sized members of higher mammalian orders 
(e.g. Glis glis, ref. 17). Below 30°C, cold induced 
regulatory thermogenesis was evident by an increase 
in RMRs with decreasing Ta. In contrast, at 34°C, 
cessation of active thermoregulation was evident by a 
diminished Tb – Ta gradient (Fig. 1g insert), with 
animals obviously suffering from heat stress. 
 The heat production patterns of E. telfairi were 
recorded for at least two episodes of arousal from 
hypometabolism for each individual (Fig. 1h). The 
minimal metabolic rate prior to arousal was about 9 
ml O2*h

-1 (~ 50mW), equivalent to an almost 10-fold 
reduction compared to resting heat production levels 
for each group (Figure 1i).  

 In modern Eutherian mammals, 
classical NST is mediated via beta 
3- adrenergic receptor signalling 
in BAT9. In CA tenrecs, treatment 
with the β3-adrenergic antagonist 
SR 59230A at the onset of arousal 
from hypometabolism 
significantly reduced heat 
production (Fig.1j, P=0.008) and 
rewarming rates (Fig. 1k, 
P=0.021), supporting inhibition of 
adaptive NST that classically 
replaces shivering thermogenesis 
in the cold.  
 Anatomical inspection post 
mortem identified small brown fat 
patches in the typical dorso-
cervical and axillar region while, 
surprisingly, a large depot of 
brown fat-like tissue was located 
in the abdominal region, adjacent 
to the reproductive organs (~ 60-
70% of total BAT, Fig. 2a). The 
presence of β3-adrenoreceptors 
was corroborated by 
immunological detection in brown 
fat homogenates. While β3-
adrenoreceptor content was 
unchanged in response to cold 
acclimation (Fig. 2b), differential 
recruitment of NST was reflected 
in increased oxidative capacity of 
tissue and mitochondria of CA 
tenrecs (measured as cytochrome 
c oxidase (COX) activity, Fig. 2e-
g). Further immunological 
analysis of this tissue suggested 
cold-induced expression of UCP1 
(Fig. 2c, d), and this detection was 
confirmed using an anti-hamster 
UCP1 antibody and cloning of the 
tenrec UCP1 cDNA.  
 Intact BAT mitochondria, 
energized with glycerol-3-
phosphate (G3P) in a temperature-
controlled chamber at 32°C, 

 
 

Figure 2: Morphological, molecular and biochemical evidence for BAT, adaptive NST 
and functional UCP1. a) Anatomical location of tenrec BAT. b-d) Immunological detection of 
b) β3-adrenoreceptor protein subunits in tissue homogenates, c) UCP1 in tissue homogenates 
and d) in isolated mitochondria, revealing cold-induction. e-f) Cytochrome C oxidase (COX) 
activity in BAT homogenates and isolated mitochondria, demonstrating increased oxidative 
capacity in the cold. g) Mitochondrial content, estimated from the ratio of tissue to 
mitochondrial COX activity. (* P<0.05 Students t-test (c-e), Rank sum test (b)). h-i) 
Mitochondria respiration rates and proton leak kinetics of isolated BAT mitochondria in 
response to GDP, FCCP and 5 mM GDP (N=4-5; P<0.05 paired t-test). 
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showed significantly higher respiration rates in CA 
tenrecs (Fig. 2h). This difference was most likely 
caused by UCP1 proton leak activity as addition of 
guanosine diphosphate (GDP), an UCP1 inhibitor, 
decreased the respiration rate by 40% and 76% in WA 
and CA animals, respectively. Next, we assessed 
mitochondrial proton conductance by measuring 
proton leak kinetics as flux-force curves of 

mitochondrial respiration and membrane potential 
(Fig. 2i). As mitochondria were fully uncoupled under 
basal conditions, measurement of proton motive force 
(membrane potential in the presence of nigericin) 
required the addition of 1mM GDP. Increasing the 
concentration to 5 mM GDP fully recoupled the 
mitochondria, shifting proton leak kinetics 
significantly downwards, demonstrating that UCP1 
catalyzes the major proportion of proton conductance.  
For further comparative bioenergetic characterization 
tenrec etUCP1 and mouse mUCP1 orthologs were 
stably transfected in HEK293 cells and functionally 
analyzed using plate-based respirometry of intact 
cells. Comparing the respiration profiles and coupling 
efficiencies of HEK293 cells in the presence and 
absence of bovine serum albumin (BSA) confirmed 
that residual fatty acids induced proton leak 
respiration (oligomycin-insensitive) selectively in 
UCP1-containing cells (Fig. 3a, b). Residual fatty 
acids in the absence of BSA, however, were also 

oxidized and contributed to mitochondrial substrate 
oxidation as judged by increased FCCP-induced 
respiration (Fig 3a). Specific activation of UCP1 was 
confirmed using the retinoic acid analogue TTNPB, 
which activates UCP1 but is not metabolized (Fig. 3c, 
d)18. Furthermore, we activated UCP1 in the intact 
cell with nonanoic acids that do not require 
conjugation to BSA and readily diffuse into the 
HEK293 cells. The bioenergetic profile of tenrec and 
mouse UCP1 revealed a similar dose-dependency for 
these small molecular activators (Fig. 3d, e). Notably, 
there was no activator effect on wild-type HEK293 
cells. 
 Despite demonstrating similar molecular activators 
of etUCP1 and mUCP1 the question remained 
whether these orthologs differ in their specific 
activities as a result of their distant phylogenetic 
relationship. For comparative molecular 
characterization of etUCP1, we isolated mitochondria 
from HEK293 cells and measured proton leak kinetics 
of wild-type, mouse and tenrec UCP1-containing 
HEK293 cell mitochondria (Fig. 4a, c). Basal, 
palmitate-induced and GDP-inhibited UCP1 activity 
was similar to that of native BAT mitochondria. The 
decrease of proton leak to wild-type levels by addition 
of GDP demonstrated full inhibition of both mUCP1 
and etUCP1. For quantitative functional comparison 
of etUCP1 and mUCP1, we normalized the proton 
leak curves to UCP1 content using overexpressed and 
purified UCP1 orthologs as mass standards. Next, we 
subtracted the GDP-insensitive basal proton leak from 
the UCP1 leak under control conditions. The resulting 
specific UCP1 catalytic activity did not differ between 
mouse and tenrec UCP1 (Fig. 4d), suggesting the full 
functional potential of UCP1 was present at the 
evolutionary stage of Afrotherian divergence, prior to 
mammalian migration to the cold. 

 

 

Figure 3: Comparative bioenergetic profiling of tenrec (et) and 
mouse (m)UCP1 in HEK293 cells. a) Representative traces of 
normalized plate-based respirometry, showing basal respiration, 
proton leak respiration (after oligomycin treatment), maximal 
substrate oxidation (FCCP or DNP) and non-mitochondrial 
respiration (antimycin A/rotenone). b) BSA-sensitive coupling 
efficiency (white bars) of mUCP1 and etUCP1 containing HEK293 
cells (N=5 per group and condition; *P<0.05, Students t-test). c-e) 
Specific activation of stably expressed mUCP1) and etUCP1, in 
comparison to wild-type wtHEK293 (N=5-6; P<0.001, One Way 
ANOVA). 

 

Figure 4: Determination of catalytic center activities of tenrec 
and mouse UCP1 in isolated HEK293 cell mitochondria. a-c) 
Proton leak kinetics of wildtype (wt), mUCP1 and etUCP1 
HEK293 cells, under basal conditions and after activation with 
100µM palmitate and after inhibition with 1mM GDP (N=6 per 
group and condition) d) Specific UCP1 activity curves reveal 
similar catalytic power of tenrec and mouse UCP1 (derived from 
4b/c). 
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 Obligatory thermogenesis in mammals conveys 
energetic costs that need to be outweighed by fitness 
gain, a tenet that has provoked controversial 
discussions on the events leading to the evolution of 
endothermy1- 8. The protoendothermic tenrec provides 
molecular and functional evidence that NST by brown 
adipose tissue facilitates periodic endothermy during 
intermittent episodes of homoeothermy. As judged 
from the anatomical distribution of BAT, NST is 
likely to be particularly relevant during periods of 
gamete and offspring incubation. Our study therefore 
supports a direct link between BAT and parental care 
as the driving force for endothermy at the 
evolutionary roots of mammalian thermogenesis.  
 
Methods summary  
 
Further detailed experimental procedures are 
described in the supplementary materials15. 
 Animal experiments - Experiments were performed 
on laboratory bred, adult Lesser hedgehog tenrecs 
(Echinops telfairi; N=8 females and N=4 males) 
during their annual activity period. Tenrecs were 
surgically implanted with temperature sensitive 
transmitters (Minimitter, Model X, Sunriver, OR, 
USA, accuracy 0.1°C) for monitoring abdominal core 
Tb. Metabolic rate (MR) measurements were based on 
the principle of indirect calorimetry using a 2- 
channel, open circuit respiratory system as described 
previously19. We calculated arousal and rewarming 
rates where arousal occurred spontaneously or arousal 
was induced by disturbing the animals11. For 
determination of BAT-derived non-shivering 
thermogenesis, each tenrec received a single 
subcutaneous injection of the ß3-adrenergic 
antagonist SR 59230A (3-(2-Ethylphenoxy)-1-[[(1S)-
1,2,3,4-tetrahydronaphth-1-yl]amino]-(2S)-2-propanol 
oxalate salt, Sigma)20 at a dosage of 1 mg*kg-1. 
Animal experimental procedures were approved by 
the German Animal Welfare Authorities.  
 Molecular experiments - We dissected animals to 
identify and locate BAT depots. Tissue samples were 
collected and used to confirm the expression of UCP1 
mRNA and protein, perform COX activity and proton 
leak measurements similar to ref. 21. Analysis of 
UCP1 in HEK293 cells, the tenrec UCP1 cds 
(BankIt1580920) was transcribed to cDNA and 
cloned into a pcDNA3 vector and analysis performed 
as established in ref. 22. 
 Statistical analysis - The paired t-test was used to 
test for effects of the β3-adrenergic antagonist within 
the CA and WA group, the Students t tests was used 
to test for differences between the acclimation groups. 
Differences in proton leak respiration rates of UCP1-
containing cells activated with various concentrations 
of TTNPB or nonanoic acids were determined with a 
One Way Anova analysis. We calculated the UCP1 
centre activity of mouse and tenrec UCP1 with a 
dynamic fitting exponential growth curve (Single, 3 
Parameter, f=y0+a*exp(b*x)). These analyses were 
performed using SigmaStat (Jandel ScientiWc, San 

Rafael, California). All mean values were reported ± 
Standard Error (SE) and the 0.05 level of probability 
was accepted as indicating statistical significance. 
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SUPPLEMENTS 

 

SUPPLEMENTAL MATERIAL FOR CHAPTER II : 
 

UNCOUPLING PROTEIN 1 DECREASES SUPEROXIDE PRODUCTION IN BROWN 

ADIPOSE TISSUE MITOCHONDRIA  
 

 
S1 Titration of mitochondrial respiration with GDP and glycerol-3-phosphate 
 
 
a) Brown adipose tissue mitochondria 

possess low contents of ATP-
synthase preventing the use of 
conventional determination of 
respiratory control as a ratio of 
state3/state4 respiration. Therefore 
we tested mitochondrial integrity by 
re-coupling respiration by successive 
addition (1-5mM) of GDP which 
inhibits UCP1 activity. Oxygen 
consumption was measured using a 
Clark-type oxygen electrode 
maintained at 37°C and calibrated 
with air-saturated medium which was 
assumed to contain 406 nmol O ml-1. 
Prior to GDP addition, mitochondria 
of cold acclimated animals were 
incubated in a medium containing 
2µM oligomycin and 4.8µM 
rotenone. Mitochondria were then 
energized with 4 mM succinate.  

b) Stepwise addition of glycerol-3-
phosphate (4, 7, 10, 13 and 16 mM) 
was used to determine the dose-
response of mitochondrial respiration, 
similar to the GDP titration.  

c) To measure superoxide production 
glycerol-3-phosphate was added at 
different concentration (5, 10, 15 
mM) to wildtype and UCP1-ablated 
mitochondria which were previously 
incubated in a medium containing 
oligomycin (2µM), SOD (30U/ml), 
HRP (6 U/ml) and the reagent 
Amplex Red (50µM) which 
fluorescent was measured at 37°C in 
a microplate reader. Glycerol-3-
phosphate experiments were 
performed from brown adipose tissue 
mitochondria of individual animals 
kept at 30°C.  

 
 
 
 

 

 
 
 
 

 

 
 
S. 1: Mitochondrial respiration and superoxide production in response 
to different concentrations of GDP and glycerol-3-phosphate in brown 
adipose tissue mitochondria. a) State 4 respiration of brown adipose tissue 
mitochondria from cold acclimated wildtype (n=5) and UCP1-ablated (n=7) 
mice was titrated by successive addition of GDP. Generally, 5mM GDP was 
sufficient to nearly fully re-couple mitochondria (60% reduction of 
respiration in wildtype mitochondria) and was used in further experiments 
(*p<0.05 and Student’s t-test). Respiratory control of UCP1-wildtype 
mitochondria was calculated to be about 3. b) Titration was performed using 
mitochondria of warm acclimated wildtype (n=7) and UCP1-ablated (n=7) 
mice. Mitochondrial respiration rate of wildtype and UCP1-ablated 
mitochondria diverged above 7 mM G3P and further increased in wildtype 
mitochondria. c) Superoxide production was dependent on G3P substrate 
concentration. State 4 superoxide production as well as superoxide 
production after inhibition of UCP1 with GDP (5mM) was measured. 
Importantly, the GDP effect on superoxide production altered in response to 
substrate availability (b; *p<0.05 Student’s t-test).  
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S2 Role of the ANT in ROS production of brown adipose tissue mitochondria 
 
 
Superoxide production 
rate was measured in 
wildtype and UCP1-
ablated mitochondria 
which were incubated in a 
medium containing 
oligomycin (2µM), SOD 
(30U/ml), HRP (6 U/ml), 
Amplex Red (50µM) and 
carboxyatractylate (CAT; 
2.5 nM) to distinguish 
from adenine-nucleotide 
transporter-dependent 
effects. We used GDP 
(5mM) to inhibit UCP1 
and rotenone (2µM) to 
evaluate the complex I 
dependent superoxide 
production. Experiments 
were performed from 
brown adipose tissue 
mitochondria of individual 
animals kept at 5°C.  

 

S3 NAD(P)H-autofluorescence  
 
 
NAD(P)H autofluorescence 
was determined at 365 nm 
excitation and 450 nm 
emission wavelengths, 
respectively. Conditions were 
identical to those used during 
the measurement of Amplex 
red fluorescence. Fluorescence 
units were corrected by 
subtraction of values without 
substrate. Fluorescence was 
measured in response to malate 
(3mM), pyruvate (5mM), 
pyruvate/malate (3mM/5mM), 
palmitate (20µM), or 
palmitate/malate (20µM/ 
3mM). 100% reduction of 
NAD(P)H was induced by 
addition of rotenone (4.8µM). 
This value served to calculate 
the proportion of NAD(P)H 
reduction during substrate 
oxidation.  
 
 

 

 

 
 
S. 2: Superoxide production of cold acclimated wildtype (UCP1+/+) and UCP1-
ablated (UCP1-/-) brown adipose tissue mitochondria in the absence of ANT 
uncoupling activity.  Superoxide production was measured after energizing 
mitochondria with succinate (5mM) and either with or without carboxyatractylate (CAT) 
(2.5µM). We could observe no effect of ANT-Inhibition on superoxide production of 
wildtype (n=5) and UCP1-ablated (n=7) mice in every treatment, indicating that the ANT 
has no function in prevention of oxidative stress. 
 
 

 

 
S. 3: NAD(P)H reduction in isolated mitochondria respiring on different 
substrates. To determine the substrate dependent NAD(P)H reduction, the reaction 
used for superoxide production measurements was used, but emission (450 nm) and 
excitation (365 nm) wavelength changed to measure NAD(P)H autofluorescence. a) 
Representative trace of NADH-autofluorescence is shown (palmitate+malate) 
expressed in relative fluorescence units (RFU). b) Percentage of NAD(P)H 
reduction determined after maximal reduction induced by addition of 4.8µM 
rotenone (complex I inhibitor). 
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EFFECTS OF LONG TERM COLD EXPOSURE ON SKELETAL MUSCL E 

MITOCHONDRIA FROM UCP1-DEFICIENT MICE  
 

BACKGROUND  
Heat produced by UCP1 activity in brown adipose 
tissue mitochondria is widely accepted as a major 
contributor to nonshivering thermogenesis in small 
mammals (Nicholls and Locke 1984). Nevertheless 
the contribution of alternative mechanisms to this 
form of endogenous heat production has been 
questioned frequently in the past (Block 1994, Lowell 
and Spiegelman 2000). Even though UCP1-deficient 
mice are cold sensitive, they can maintain their body 
temperature at an ambient temperature of 4°C for 
several weeks, provided that they were acclimated to 
18°C initially (Golozobouva et al. 2001). Somehow 
they can compensate for the loss of functional brown 
adipose tissue by the recruitment of other sources of 
endogenous heat production. However, Golozobouva 
et al. (2001) postulated that no alternative 
mechanisms of heat production exist, as animals did 
not decrease their shivering intensity during the cold 
acclimation process. From their point of view the 
initial acclimation to 18°C was “a sufficient muscle 
training period to allow for the subsequent survival at 
4°C” and therefore can be rated as a weak form of 
“adaptive (shivering) thermogenesis”. This 
assumption has been further verified by Shabalina et 
al. in 2010. Moreover, muscle shivering 
thermogenesis (Aydin et al. 2008, Monemdjou et al. 
2000) and accelerated metabolic flux in white adipose 
tissue (Anunciado-Koza et al. 2008, Granneman et al. 
2003, Meyer et al. 2010, Ukropec et al. 2006) have 
been suggested as alternative heating pathways. The 
mechanism itself appears less efficient and 
disadvantageous as the median survival rate of UCP1-
ablated mice decreases from 24 to 13 weeks in the 
cold (compared to wild-type mice).  

The results of chapter II clearly demonstrated that 
UCP1 ablation negatively influences the production of 
superoxide in brown adipocytes, a physiological 
condition that could possibly affect the life span of an 
animal (“uncoupling to survive”, Brand 2000). 
However, it seems unlikely that the elevated reactive 
oxygen species production (ROS) in brown adipose 
tissue mitochondria alone causes such a dramatic 
decrease of the survival rates of UCP1-ablated mice in 
the cold. The likelihood is higher, that endurance 
shivering led to an accumulation of ROS in skeletal 
muscle mitochondria, thereby increasing the 
probability of serious cell damage and decreasing the 
ability for sustained shivering thermogenesis. 

Shivering involves contractile activity of skeletal 
muscles and can therefore be interpreted as a form of 
exercise. Exercise is discussed as a condition 
increasing the risk for oxidative damage (Cooper et al. 
2002, Parker et al. 2008). Cold exposed UCP1-ablated 
mice shiver without interruption, an intensity that 
should result in robust effects of skeletal muscle 
mitochondria.  
The uncoupling protein 3 (UCP3) is a UCP1 
paralogue that is predominantly expressed in skeletal 
muscle mitochondria (Boss et al. 1998). While a 
thermogenic function of UCP1 has been well-
established in the last years (Nicholls and Rial 1999, 
Cannon and Nedergaard 2004), the main function of 
UCP3 is rather vague. However, mild uncoupling of 
the electron transport chain is currently the most 
compelling candidate (Brand and Esteves 2005). 
Talbot and Brand (2005) recently confirmed that 
UCP3 mildly uncouples skeletal muscle mitochondria 
when superoxide levels increase, similar to the 
uncoupling function of UCP1. Aconitase is a 
mitochondrial enzyme responsible for the convertion 
of citrate to isocitrate in the tricarboxylic acid cycle. 
ROS inactivates aconitase in the mitochondrial matrix 
(Janero and Hreniuk 1996) and conclusively the 
enzyme activity can be used as a marker for oxidative 
stress (Gardner 2002, Hausladen and Fridovich 1996). 
Mitochondria isolated from UCP3 deficient mice have 
higher oxidative stress and accordingly have 
decreased aconitase activity and increased markers of 
oxidative damage than wild-type mice (Vidal-Puig et 
al. 2000, Brand et al. 2002). Additionally it has been 
suggested that UCP3 contributes to the basal proton 
leak of skeletal muscle mitochondria of UCP1-
deficient mice, thereby contributing to alternative 
mechanisms of heat production (Monemdjou et al. 
2000). However, this evidence has been refuted in 
other studies (Meyer et al. 2010, Shabalina et al. 
2010).  

It might be possible that the premature death of 
UCP1 deficient mice exposed to 4°C occurs at a time 
point when the damage in shivering muscles becomes 
severe and shivering-induced thermogenesis can no 
longer be used for body temperature defense. This 
study aimed to further evaluate if cold exposure leads 
to an accumulation of ROS in the skeletal muscle of 
UCP1 deficient mice. 

 

EXPERIMENTAL SETUP  

Animals - We examined isolated skeletal muscle 
mitochondria of UCP1 deficient and wild-type mice 

acclimated to 30°C (thermoneutral) and 5°C (cold) 
according to the acclimation protocol of Oelkrug et al. 
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2010. The mice were fed ad libitum (Sniff 1534) with 
free access to water and kept on a 12 h of light/12 h of 
dark cycle. For experiments, the animals were kept in 
single cages. Wild type and UCP1-ablated mice were 
provided by Dr. Leslie Kozak (Pennington Medical 
Research Center), and littermates (genetic background 
C57Bl/6J) were derived from heterozygous breeding 
pairs in the animal facility of the Philipps-Universität 
of Marburg. In these mice the UCP1 gene has been 
disrupted by homologues recombination of a 
neomycin gene in exon 2 and parts of exon 3. 
Genotypes were identified using a PCR-based strategy 
which was validated post mortem on the protein level 
using western blot analysis (Oelkrug et al. 2010); 
female and male wild-type and UCP1-KO mice were 
included in this study. All experimental procedures 
were approved by the German Animal Welfare 
Authorities and were performed by Maria Kutschke 
and Dr. Martin Jastroch. 
Mitochondrial Isolation - Mice were sacrificed and 
the pectoral muscle as well as all hindlimb muscles 
were removed and rapidly placed in ice cold buffer, 
mitochondria were isolated at 4°C as previously 
described (Keipert et al. 2010). In a few preparations 
the digestion step had to be slightly modified, instead 
of using a polytron for homogenization, the tissue 
samples were digested for 9 minutes on ice without an 
additional homogenization step. The protocol change 
had no effect on mitochondria quality and integrity. 
Mitochondrial protein concentrations were determined 
using the Biuret method.   
Measurements of Mitochondrial Aconitase Activity - 
Mitochondrial aconitase activity was determined by a 
coupled assay: 1) The conversion of citrate to 
isocitrate by aconitase and 2) the decarboxylation of 
isocitrate to α-ketoglutarate by isocitrate 
dehydrogenase (ICDH). The second step includes the 
reduction of NADP+ to NADPH, the absorbance of 
NADPH was measured at 340 nm in a 96-well 
microplate reader (BMG labtech, FLUOstar Optima) 
based on Gardner (2002). 20 µg of freshly isolated 
mitochondria were added to a well of a 96 well plate 
together with 200 µL of assay buffer (50 mM Tris-

HCl, pH 7.4; 0.6 mM sodium citrate, pH 7.0; 0.2 mM 
NADP+; 0.1% Triton X-100, 0.4 U/ml ICDH) pre-
equilibrated to 37°C. The absorbance was measured at 
340 nm over at least 20 min (or 70 cycles à 18 sec 
with shaking for 3 s after each cycle) at 37°C. To 
determine the background rate NADPH production 
was measured in the presence of the competitive 
aconitase inhibitor fluocitrate (95 µM; Stock 2 mM in 
50 mM Tris-HCl).  
Measurements of Mitochondrial Hydrogen Peroxide 
Release - Measurements of hydrogen peroxide 
production of isolated mitochondria were performed 
similarly to the procedures of Oelkrug et al. (2010). 
35 µg of skeletal muscle mitochondria were incubated 
in 200 µl of pre-equilibrated assay buffer (50 mM 
KCl, 5 mM TES, 2 mM MgCl2 6H2O, 1 mM EGTA, 
bovine serum albumin 0.4% (w/v), pH 7.2 at room 
temperature) containing a mixture of the fluorescent 
probe Amplex Red (50 µM; Invitrogen), 30 units ml-1 
superoxide dismutase (to convert superoxide to 
hydrogen peroxide), 6 units ml-1 horseradish 
peroxidase (catalyzing the reaction of hydrogen 
peroxide with Amplex Red resulting in fluorescent 
resorufin), and 2 µM oligomycin (to inhibit ATP 
synthase). Amplex Red reacts with H2O2 at a 1:1 
stoichiometry, whereas the stoichiometry of 
conversion from superoxide to H2O2 is assumed to be 
1:2. H2O2 formation was initiated by the addition of 
succinate (5 mM). Fluorescence was detected at 37°C 
in a microplate reader (BMG Labtech, FLUOstar 
Optima) in 96-well microplates (Greiner 96-Well, 
clear, F-Bottom, black). The excitation wavelength 
was set to 560-10nm, and the fluorescence emission 
was detected at 590 nm. Fluorescence was calibrated 
using known amounts of H2O2 at each experimental 
day. Optionally, superoxide production was measured 
in the presence of rotenone (2 µM, inhibiting complex 
I-derived reactive oxygen species production) and 
carboxyatractylate (2.5 nM) to distinguish from 
adenine nucleotide transporter-dependent effects. 
 

 

RESULTS AND DISCUSSION 
Superoxide production rates in isolated skeletal 
muscle mitochondria – Under thermoneutral 
conditions (30°C) skeletal muscle mitochondria of 
wild-type and UCP1-ablated mice had similar 
superoxide production rates in state 4 (basal or leak 
respiration, Fig. 9A). Cold acclimation caused an 
increase of mitochondrial hydrogen peroxide 
releasing rates of UCP1-ablated mice, resulting in a 
significant difference between genotypes (P<0.05, 
Two Way Anova). Superoxide production rates from 
reverse electron transfer tended to be higher in 
mitochondria from UCP1-deficient mice and were 
unaltered by the acclimation temperature (Fig. 9B). 
Interestingly, cold acclimation led to a decrease of 

superoxide production rates mediated by the 
andenosine translocase (ANT) in wild-type mice, 
while levels found in UCP1-ablated mice 
mitochondria remained unchanged (Fig. 9C).  
Aconitase enzyme activity - At thermoneutrality we 
could not detect a difference in aconitase activity of 
skeletal muscle mitochondria isolated from wild-type 
and UCP1-ablated mice (Fig. 10). Whereas, cold 
acclimation led to an elevation of aconitase enzyme 
activity in both groups but had greater effects on 
skeletal muscle mitochondria of UCP1-ablated mice. 
The non-intermittent shivering of UCP1-deficient 
mice increased aconitase enzyme activity significantly 
by 104% (P<0.05 Two Way Anova). This was an 
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unexpected result, as an increase of aconitase activity 
reflects a decreased ROS production. Furthermore, 

exercise has been argued as a main producer of 
cellular ROS in skeletal muscle, accordingly aconitase 
activity should be lower in UCP1-ablated than in 
wild-type mice and not the other way round.  

 
Even though this result did not meet our 

expectations, an increased aconitase activity has been 

previously reported for skeletal muscle mitochondria 
under exercise conditions (Zhang et al. 2007). The 

authors concluded that two mechanisms of aconitase 
activity exist, oxidation/reduction by ROS and a 
phosphorylation/dephosphorylation process. It is 
possible that ROS-mediated inactivation of aconitase 
compromises aerobic ATP production during exercise 
(Anderson et al. 1998, Sadek et al 2002, Tokheim and 
Martin 2006). Additionally dephosphorylation of 
aconitase alters the enzyme activity (Duchen 2004, 
Tokheim and Martin 2006). Conclusively the authors 
argued that during exercise the ROS mediated 
inactivation of aconitase can be overcome, “possibly 
by a dephosphorylaytion to maintain aerobic ATP 
production during muscle contraction” (Zhang et al. 
2007). In our case this could mean, that the sustained 
shivering of UCP1-ablated mice was a sufficient 
training period to alter ATP production mechanisms 
(higher aconitase) and to survive the cold. Subsequent 
experiments will be necessary to verify if the slight 
increase in ROS-production rates of UCP1-ablated 
mice caused any cell damage in vivo, that led to a 
severe impairment of shivering muscles in the course 
of cold exposure. From another point of view, it could 
be also possible that UCP1-ablated mice had 
increased levels of antioxidant enzymes that 
counteracted an accumulation of cellular ROS and 
thereby prevented the inhibition of aconitase.   
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Figure 9: Superoxide production rates of skeletal muscle mitochondria isolated from wild-type (WT) and UCP-
ablated (UCP1-KO) mice. A) Cold acclimation caused a significant difference in basal superoxide production between 
wild-type and UCP1-KO mice in state 4. B) Complex I dependent superoxide production rates tended to be higher in UCP1-
ablated animals. C-D) Following cold exposure the ANT mediated superoxide production was significantly lower in 
mitochondria isolated from wild-type animals, the same accounted for UCP3 dependent superoxide production rates of both 
genotypes. (*P<0.05 Two Way Anova, n=4-8). 
 
 

 

 
 

Fig. 10: Aconitase enzyme activity measured as the 
absorbance of NADPH (340nm). Prolonged cold 
exposue (>3 weeks) increased aconitase activity 
significantly in UCP1-ablated (UCP1-KO) compared to 
wild-type mice (*P<0.05, Two Way Anova, n=4-7). 
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SUPPLEMENTAL MATERIAL FOR CHAPTER IV   
 

BROWN FAT IN A ´PROTOENDOTHERMIC ´ MAMMAL FUELS THE 

PARENTAL CARE MODEL OF MAMMALIAN EVOLUTION  
 
 

Study animals - Experiments were performed on 
laboratory bred, adult Lesser hedgehog tenrecs 
(Echinops telfairi; N=8 females and N=4 males) 
during their annual activity period. Tenrecs were kept 
in Makrolon Type IV cages (1800 cm2) equipped with 
sawdust bedding and plastic nest boxes, at an Ta of 
27°C on a 12:12 hrs light:dark cycle throughout the 
experimental procedure. They were fed alternately 
with canned cat food (Kitekat), cockroaches, fruits 
and seeds every second day at 2-5 pm and had ad 
libitum access to water. All study animals were 
weighed at least once per week. All experimental 
procedures were approved by the German Animal 
Welfare Authorities.  

Tb recording - Tenrecs were surgically implanted 
with temperature sensitive transmitters (Minimitter, 
Model X, Sunriver, OR, USA, accuracy 0.1°C) for 
monitoring abdominal core Tb. Animals were 
anaesthetized via a subcutaneous injection of the α2-
agonist Medetomidine (2mg*kg-1), the 
benzodiazepine Midazolam (3mg*kg-1) and the 
dissociative Ketamine (20mg*kg-1) (MKK-
anaesthesia, ref. 1). Optionally, the inhalation 
anaesthesia Isoflurane (0.6-1.5 Vol %) was co-
administered over a breathing mask. During surgery 
the tenrecs were placed on a heating pad with a 
constant temperature of 30°C. To induce post-surgical 
recovery from anaesthesia the antidotes Atipamezole 
(1mg*kg-1) and Flumazenile (0.2mg*kg-1) were 
administered. Following surgery tenrecs were 
maintained at 27°C for at least 3 weeks, Hereafter, six 
animals were randomly selected for the CA group (N 
= 5♀ and N = 1♂) and stepwise acclimated to 20°C 
(4d at 24°C, 3d at 21-22°C). The other six animals 
remained at 27°C (WA group; WA; N = 3♀ and N = 
3♂). The average body mass of the animals was 133.3 
± 29.1g for the WA group (93.4g-166.4g) and 162.5 ± 
27.1g (122.8g-196.5g) for the CA group (P=0.102, 
Students t-test) and remained constant throughout the 
entire study. During long term Tb recordings, Tb 
readings were obtained every 6 mins for 7-12 days at 
a Ta of 27°C, 3-4d at 24°C, 2-3d at 21-22°C and 3-6 d 
at 20°C (only CA group).  

Measurements of RMR - Metabolic rate (MR) 
measurements were based on the principle of indirect 
calorimetry using a 2- channel, open circuit 
respiratory system as described previously2. Tenrecs 
were transferred to metabolic cages (~5 l) equipped 
with bedding material. The cages were placed inside a 
climated chamber. Air was drawn from the cages at a 
flow rate of 42 l/h chosen to maintain <1% oxygen 
depletion between the incurrent and excurrent air. On 
each measurement day, tenrecs were exposed for 4-5 

hours to only one of the following temperatures: 
34°C, 30°C, 27°C, 24°C, 20°C, at random order. In 
between each measurement tenrecs were allowed to 
recover for at least 2 days in their home cage. On each 
occasion, readings of MR (O2 consumption) and, Tb 
were taken at 3-5min intervals. Animals became 
hypometabolic and hypothermic in every 
measurement at ambient temperatures below 30°C, 
and introduction of food as used to induce arousal. 
Following arousal, we obtained stable metabolic 
readings of resting animals at high Tbs (not post-
absorptive).  

Suppression of NST - To quantify sensitivity to 
pharmacological suppression of nonshivering 
thermogenesis we used a multi-day protocol. During 
the experiment, tenrecs were single housed in 
modified Makrolon III cages suitable for 
measurements of metabolic rate and Tb. Cages were 
equipped with bedding material a plastic nest box as 
well as water ad libitum. The light-dark photoperiod 
was set to 12:12 (lights on at 6:00 CET). In total, N=5 
WA and N=6 CA tenrecs were measured at a Ta of 
24°C for three consecutive days. MR and Tb were 
recorded in parallel at 3-5 min intervals. 
Measurements were started at approximately 17:00 
CET and for the following 42-46 hours the animals 
were only disturbed when fed, at around 16:00 CET. 
We calculated arousal and rewarming rates where 
arousal occurred spontaneously or arousal was 
induced by disturbing the animals. On the third day, 
each tenrec received a single subcutaneous injection 
of the β3-adrenergic antagonist SR 59230A (3-(2-
Ethylphenoxy)-1-[[(1S)-1,2,3,4-tetrahydronaphth-1-
yl]amino]-(2S)-2-propanol oxalate salt, Sigma) at a 
dosage of 1 mg*kg-1. For subcutaneous injection of 
the antagonist, the spines were lifted in the neck 
region using forceps. The timing of the injection 
corresponded to the onset of arousal. Tenrecs were 
immediately returned to the metabolic cages and 
recordings were continued until the next day. A tenrec 
was considered in steady state (torpid) when its 
oxygen consumption had stably attained <30 ml O2*h

-

1 (~30 % of RMR) for more than 2 hours. In order to 
compare the efficiency of rewarming, we calculated 
average rewarming and heat production rates from the 
Tb time course during a spontaneous and an induced 
arousal with or without prior treatment with the 
antagonist (Supplemental fig. 1).  

Confirmation of BAT and UCP1 expression - We 
dissected animals to identify and locate BAT depots. 
Tissue samples were collected and used to confirm the 
expression of UCP1 on the mRNA and protein level. 
Therefore we first amplified UCP1 cDNA using a 
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reverse transcriptase (Invitrogen, Super Script III, 
First Strand cDNA Synthesis Super Mix for qRT 
PCR) and tenrec UCP1 specific primers (forward: 5`-
GAC TAT GGG GGT GAA GAT CTT C-3´; reverse: 
5´-AAA GGC CGG CAG CCC TTC CTT G-3´), 
followed by a PCR using the same primer pair and a 
gel electrophoresis to validate UCP1 expression. The 
presence or absence of UCP1 protein was confirmed 
post mortem by immunological detection in BAT and 
BAT mitochondria. The membranes were probed with 
a rabbit anti-UCP1 polyclonal antibody (1: 10 000; 
3046; Chemicon), followed by the relevant 
fluorescence-conjugated secondary antibody. The 
expression of the β3-adrenergic receptor was 
confirmed using a goat polyclonal β3-Adrenoreceptor 
primary antibody (1:200, Santa Cruz). 

Mitochondria isolation - Mitochondria were 
prepared by homogenization and differential 
centrifugation as described previously3. BAT depots 
were removed (dorso-cervical, axillar and abdominal) 
and immediately placed in ice-cold isolation medium. 
Protein concentration was determined photometrically 
using the Biuret method.  

Mitochondria respiration - Mitochondrial oxygen 
consumption was measured using a Clark-type 
oxygen electrode (Rank Brothers Ltd.) maintained at 
32°C and calibrated with air-saturated medium (BAT-
KHE: 50 mM KCl, 5 mM TES, 2 mM MgCl2 – 
6xH2O, 4 mM KH2PO4, 1 mM EGTA, 0.4% bovine 
serum albumin (BSA; w/v), pH 7.2 at RT) that was 
assumed to contain 406 nmol of O ml-1 at 37°C4. BAT 
mitochondria respiration was measured in 500 µl of 
medium at a concentration of 0.5 mg/ml. BAT 
mitochondria possess a small amount of ATP 
synthase and were previously incubated with 4.8 µM 
rotenone and 2 µM oligomycin. Mitochondria were 
energized by the addition of glycerol-3-phosphate 
(G3P; titrating up to 15 mM). Subsequently GDP was 
titrated to a final concentration of 5 mM. The ability 
of GDP to establish respiratory control also confirmed 
the integrity of the mitochondria after the isolation 
process. At the end of each respiration measurement, 
the artificial uncoupler FCCP (carbonyl cyanide p-
trifluoromethoxyphenylhydrazone) was titrated in 1 
µM steps to estimate the maximal substrate oxidation 
rate of both mitochondria types.  

Proton leak kinetics - The kinetics of mitochondrial 
proton leak were measured by determining the 
respiration rate required to drive the proton leak. 
Measurements were performed with the same protein 
concentrations as mentioned above and always 
contained 2 µM oligomycin, 100 nM nigericin (which 
dissipates the pH gradient, ref. 5), 4.8 µM rotenone 
and 2.5 µM carboxyatractylate (which inhibits the 
adenine nucleotide translocase). The mitochondrial 
membrane potential was measured simultaneously 
with mitochondrial respiration by using an electrode 
sensitive to the potential-sensitive probe, TPMP+ 
(triphenylmethylphosphonium), in 2ml of BAT-KHE 
(32°C). The TPMP+-sensitive electrode was 
calibrated with sequential additions of TPMP+ up to 

2.5 µM, and succinate (4 mM) was added to initiate 
mitochondrial respiration. Membrane potential and 
respiration were progressively inhibited through 
successive steady states with the complex II inhibitor, 
malonate, up to 5 mM (BAT). Finally FCCP (0.3 µM) 
was added to dissipate the membrane potential and 
release all the TPMP+ from the mitochondria, 
allowing for correction of baseline drift. Respiration 
at each steady state was plotted against the 
corresponding membrane potential to verify the 
dependence of proton leak rate on the membrane 
potential. To account for UCP1 dependent proton leak 
we performed measurements in the presence of 1-5 
mM GDP.  

COX-measurements - COX activity was measured 
polarographically6 with a Clark-type oxygen electrode 
maintained at 25°C and calibrated with 350 µl of air-
saturated measuring buffer (79 mM K2HPO4, 20.1 
mM KH2PO4, 5 mM EDTA, 3 mM horse cytochrome 
C (Sigma) and 250 mM  ascorbate; pH 7.4) which 
was assumed to contain 479 nmol O ml-1 (37).  20-70 
mg of BAT were weighed and then homogenized in 
tissue buffer containing 33.9 mM KH2PO4 , 66.1 mM 
K2HPO4 x 3 H2O, 2 mM EDTA and 10 mM 
glutathione (pH 7.5). Protein extracts were quantified 
using the BCA assay. The tissue homogenate was 
diluted 1:8 for BAT and 1:2 for liver with tissue 
buffer containing 0.1% (w/v) of the detergent  n-
Dodecyl-ß-D-Maltoside (Sigma). COX activity of 
BAT and liver mitochondria was performed with the 
same experimental setup. 

Stable expression of etUCP1 in mammalian 
HEK293 cells - Human embryo kidney cells 
(HEK293) were cultured in Dulbecco’s modified 
eagle medium (DMEM; GIBCO, 4. 5g/L glucose, + 
L-glutamine, - pyruvate), supplemented with 10% 
FBS (S0115, BIOCHROM) and 5% nonessential 
amino acids (PAA). Wild-type HEK293 were grown 
in the presence of 1% Penicillin/Streptomycin 
(GIBCO) and mouse (mUCP1 HEK293) or tenrec 
UCP1 (etUCP1 HEK293) expressing cells in the 
presence of 50 µg/mL geneticin (GIBCO). For 
passaging, the cell medium was removed and the cells 
washed with PBS, trypsinised (0.2% trypsin) and 
centrifuged (500 g; 3 min). After resuspending the 
cells in growth medium they could be seeded onto 
new plates. 
 The coding sequence of tenrec UCP1 
(BankIt1580920) was transcribed from mRNA to 
cDNA and cloned into a pcDNA3 vector (Invitrogen, 
containing neomycin/geneticin resistance genes). For 
stable transfection of HEK293 cells with tenrec UCP1 
we followed the protocol established in ref. 7. Cells 
were grown up to a confluency of 60-70% on 10 cm 
dishes and transfected with 15 µg of plasmid which 
was precipitated by mixing it with calcium chloride 
and Hepes buffered saline. In parallel we transfected 
cells with a pcDNA3 vector containing GFP (green 
fluorescent protein) for transfection control. After 24 
hr cells were washed and new medium was added.  
On the third day after transfection, the cells were split, 



  SUPPLEMENTS 

 

86 

seeded on new plates at a confluency of 20-30% and 
the selection process was started by adding 400 µg/ml 
geneticin to the medium. Positive clones were picked, 
separately cultured and the UCP1 expression was 
validated by immunological detection using the same 
protocol as mentioned above. Several aliquots of a 
clonal cell line were stored in liquid nitrogen to 
control for passaging effects (90% DMEM, 10% 
DMSO).   

Cell culture procedure for cell respiration 
measurements - Cells were seeded (20 000 per well) 
using the two-step seeding method on 24XF V7 PS 
tissue culture plates (Seahorse Bioscience), which 
have been previously coated with PEI 
(Polyethylenimine, 1:15,000 dilution, 35 µl per well).  
DMEM (4.5 g/L glucose, +L-Glutamine, -Pyruvate, 
pH 7.6 at RT) supplemented with 10% heat 
inactivated FBS (Gibco) and 1% 
Penicillin/Streptomycin (Pen/Strep, wtHEK293) or 50 
µg/mL geneticin (mUCP1 HEK293, etUCP1 
HEK293) was used for cell culturing. On the day of 
assay (48 hr after seeding), cells were washed twice 
with assay medium (EB 1:2 with NaCl + 10 mM 
glucose, + 10 mmol pyruvate, +/- 0.4% BSA (w/v)) 
and afterwards they were  incubated in 700 µl of 
assay medium in an air incubator without CO2 at 37 
°C.  
 The XF24 plate was then transferred to a 
temperature-controlled (37 °C) Seahorse analyzer 
(XF24 Extracellular Flux analyser) and subjected to a 
10-min equilibration period and 4 assay cycles, 
comprising a 1-min mix, 2-min wait, and 3-min 
measure period each to determine basal respiration, 
then oligomycin (4 µM) was added by automatic 
pneumatic injection (3 assay cycles). Oligomycin 
inhibits the ATP synthase and thus approximate the 
proportion of respiration used to drive ATP synthesis 
(coupling efficiency). Then different concentrations of 
TTNBP (15 µM, 30 µM diluted in DMSO; DMSO 
was used as control injection) or nonanoic acid (30 
µM, 50 µM, 100 µM and 133 µM) were injected, 
followed by an injection of FCCP (0.5 µM) or DNP 
(100 µM) to completely uncouple mitochondria. Each 
experimental trace was ended by addition of a 
rotenone (4 µM) and antimycin A (2 µM) mixture to 
determine the non-mitochondrial respiratory rate, 
which was subtracted from all other rates. Coupling 
efficiency was calculated as the oligomycin-sensitive 
fraction of glucose/pyruvate-stimulated mitochondrial 
respiratory activity. 

Mitochondria isolation of HEK293 cells - For the 
isolation of mitochondria from HEK293 cells an 
aliquot of wtHEK293 cells, mUCP1 HEK293 cells 
and etUCP1 HEK293 was seeded on a 10cm cell 
culture dish. Cells were grown  in DMEM (4.5 g/L 
glucose, +L-Glutamine, -Pyruvate) supplemented 
with 10% heat inactivated FBS (Gibco) and 1% 
Pen/Strep (wtHEK293) or 50 µg/ml geneticin 
(mUCP1 HEK293, etUCP1 HEK293). After reaching 
85% of confluency (day 5) they were transferred to a 
175 T7 Flask and after approximately 3 days (85% of 

confluency) to two 500 cm2 dishes per cell line. All 
500 cm2 dishes were coated with PEI 
(Polyethylenimine, dilution 1:15.000, 50 ml per 
plate). The day before mitochondria isolation, the 
medium was changed to medium without antibiotics 
and FBS. 
 After 5 days of cultivating the cells they were 
harvested, and the mitochondria were isolated by 
homogenisation and subsequent differential 
centrifugation7. The cell pellet was transferred to a 
dounce homogenizer (WHEATON, 40 ml) and cells 
were disrupted by seven strokes with a sanded-loose 
fitting plunger. The final mitochondrial pellet was 
carefully resuspended in a minimal volume of buffer 
and the mitochondrial protein concentration was 
quantified using the Biuret method. 

Proton leak measurements of HEK293 cells 
mitochondria  - Mitochondrial respiration and proton 
leak rate were measured in parallel in 2ml KHE buffer 
(120 mM KCl, 5 mM KH2PO4, 3 mM HEPES, 1mM 
EGTA, 0.3% BSA (w/v); pH 7.2 at RT) at a protein 
concentration of 0.8 mg/ml. We used the dye safranin 
O for the measurement of mitochondrial membrane 
potential. Safranin O changes fluorescence in a 
manner linearly proportional to the mitochondrial 
membrane potential8. The excitation and emission 
wavelengths were set to 533 nm and 576 nm, 
respectively, and measurements were performed in a 
96 well plate at a gain of 500 and a focal height of 7.1 
nm in a high-throughput-screening microplate reader 
(Pherastar FS, BMG Labtech). 40 µg of mitochondrial 
protein were measured in 200 µl of KHE in the 
presence of 5µM Safranin O, 4µM rotenone, 1 µg/µl 
oligomycin and 100nM nigericin, GDP (1 mM) and 
palimtat (100 µm) were added in trials were indicated. 
After incubation time, succinate (5 mM) was added to 
energize mitochondria. The induced membrane 
potential and respiration were subsequently inhibited 
by 2 mM titration steps with malonate (up to 6 mM). 
At the end of each run, the membrane potential was 
dissipated by addition of 0.3 µM FCCP. The relative 
changes in fluorescent signal are proportional to the 
membrane potential, larger changes in relative 
fluorescence units (RFU) indicating higher membrane 
potentials after mitochondria energetization. 
Comparison of the safranin O signal before 
energetization and after dissipation of the membrane 
potential with FCCP allowed correction for drifts in 
the baseline fluorescent signal. Additionally, 
background wells without mitochondria were 
measured for each condition to correct for 
fluorescence quenching effects.  

Recombinant UCP1 standard - The coding sequence 
of tenrec UCP1 was amplified by PCR from the 
pcDNA3 vector and ligated into the NdeI and EcoRI 
restriction sites of the pMW172 vector using 
conventional molecular biology methods. Mouse 
UCP1 and tenrec UCP1 were expressed in E. coli 
(strain C41 (DE3)) and inclusion bodies were isolated 
as described previously9. Total protein content of 
isolated inclusion bodies was determined using the 
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BCA Method. Protein concentration and purity of the 
UCP1 standard were verified by separation on a 12% 
SDS polyacrylamide gel and subsequent Coomassie 
staining (Gelcode, Pierce). The Coomassie staining 
was quantified densitometrically using the program 
Image J (NIH, http://rsbweb.nih.gov/ij/). The purity of 
the UCP1 standard was calculated by dividing the 
UCP1 band intensity by the total signal intensity of 
the gel lane10. 10-40 ng of the respective UCP1 
proteins were loaded on a 12% SDS gel to calculate 
the exact UCP1 amount in the mUCP1 and etUCP1 
cell line. UCP1 was detected with the same antibody 
and protocol as mentioned above. 

Statistical analysis - We used the paired t-test to test 
for effects of the β3-adrenergic antagonist within the 
CA and WA group, the Students t tests was used to 
test for differences between the acclimation groups. 
Differences in proton leak respiration rates of UCP1-
containing cells activated with various concentrations 
of TTNPB or nonanoic acids were determined with a 
One Way Anova analysis. We calculated the UCP1 
centre activity of mouse and tenrec UCP1 with a 
dynamic fitting exponential growth curve (Single, 3 
Parameter, f=y0+a*exp(b*x)). These analyses were 
performed using SigmaStat (Jandel ScientiWc, San 
Rafael, California). All mean values were reported ± 
Standard Error (SE) and the 0.05 level of probability 
was accepted as indicating statistical significance. 
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Supplemental figure 1: Average rewarming rates during 
spontaneous and induced arousals. Rewarming rates were 
similar when animals were woken up spontaneously or arousal 
was induced. In a second trial this induced arousal was 
accompanied with an injection of the ß3 Antagonist SR 59230A. 
Animals were injected with the ß-3 Antagonist at the onset of 
arousal. In CA animals blockade of ß3-adrenergic signalling 
caused a significant decrease in average rewarming rates (N=5 
per group, P<0.05 paired t-test).  
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SUPEROXIDE PRODUCTION IN BROWN ADIPOSE TISSUE OF LES SER HEDGEHOG 

TENRECS IS SENSITIVE TO UCP1 EXPRESSION 
 

BACKGROUND  

In chapter II I confirmed a role of modern Eutherian 
UCP1 in mild uncoupling brown adipose tissue 
mitochondria during thermogenesis. I concluded that 
mitochondrial mild uncoupling could have been the 
regulatory function of UCP1 orthologues in 
ectotherms and that during mammalian evolution 

UCP1 developed a dual function in heat production 
and ROS prevention. Here I used mitochondria 
isolated from brown adipose tissue of a more ancient 
Afrotherian mammal, Lesser hedgehog tenrec 
(Echinops telfairi), to further approve this hypothesis.  

 

EXPERIMENTAL SETUP  

Animals - I examined isolated brown adipose tissue 
mitochondria of warm (WA, 27°C) and cold 
acclimated tenrecs (CA, 20°C) according to the 
acclimation protocol of chapter IV. Tenrecs were kept 
in Makrolon Type IV cages (1800 cm2) equipped with 
sawdust bedding and plastic nest boxes, on a 12:12 h 
light:dark cycle before the experimental procedure. 
They were fed alternately with canned cat food 
(Kitekat), cockroaches, fruits and seeds every second 
day at 2-5 pm (CET) and had ad libitum access to 
water. All experimental procedures were approved by 
the German Animal Welfare Authorities.   

Mitochondrial Isolation – Tenrecs were 
sacrificed and all brown adipose tissue depots were 
removed and rapidly placed in ice cold buffer, 
mitochondria were isolated at 4°C as previously 
described (Mzilikazi et al. 2007). Mitochondrial 
protein concentrations were determined using the 
Biuret method.   

Measurements of Mitochondrial Respiration and 
UCP1 content – Data were obtained from chapter IV, 
review this chapter for further information about the 
experimental procedure.  

Measurements of Mitochondrial Hydrogen 
Peroxide Release - Measurements of hydrogen 
peroxide production of isolated mitochondria were 
performed similarly to the procedures of Oelkrug et 

al. (2010). 20 µg of brown adipose tissue 
mitochondria were incubated in 200 µl of pre-
equilibrated assay buffer (50m MKCl, 5 mM TES, 2 
mM MgCl2 6H2O, 4 mM KH2PO4, 1 mM EGTA, 
bovine serum albumin 0.4% (w/v), pH 7.2 at room 
temperature). This assay contained the fluorescent 
probe Amplex Red (50 µM; Invitrogen), 30 units ml-1 
superoxide dismutase, 6 units ml-1 horseradish 
peroxidase and 2 µM oligomycin. Furthermore 
superoxide production was also measured in the 
presence of rotenone (2 µM, inhibiting complex I-
derived reactive oxygen species production), GDP (5 
mM, to inhibit UCP1), and carboxyatractylate (2.5 
nM) to distinguish from adenine nucleotide 
transporter-dependent effects. The stoichiometry of 
the reaction between Amplex Red and H2O2 is 1:1, 
whereas the conversion from superoxide to H2O2 is 
assumed to be 1:2. H2O2 formation was initiated by 
the addition of succinate (5 mM) or glycerol-3-
phosphate (15 mM). Fluorescence was detected at 37 
°C in a microplate reader (BMG Labtech, FLUOstar 
Optima) in 96 well microplates (Greiner 96-Well, 
clear, F-Bottom, black), at an excitation wavelength 
of 560–10nm and an emission wavelength of 590 nm. 
Fluorescence was calibrated using known amounts of 
H2O2 at each experimental day.  

 

RESULTS AND DISCUSSION 

Initially I measured superoxide production rates of 
mitochondria respiring on succinate (5 mM) or 
glycerol-3-phosphate (15 mM) under thermoneutral 
conditions (30°C). At state 4 (basal or leak) 
respiration, superoxide production rates of warm 
(WA, 27°C) and cold (CA, 20°C) acclimated tenrecs 
were similar (Fig. 12) but glycerol-3-phosphate 
caused significantly elevated hydrogen peroxide 
releasing rates compared to succinate (P<0.05, Two 
Way Repeated Measurement Anova). Similar to my 
results in chapter II, inhibition of UCP1 with GDP 
strongly recoupled mitochondria, leading to an 

increase in superoxide production rates (Fig 12A, C). 
This increase was most pronounced in cold 
acclimated animals respiring on succinate; glycerol-3-
phosphate abolished genotype difference. The GDP-
sensitive superoxide production rate was attributable 
to UCP1 as the additional inhibition of the adenosine 
translocase (ANT) with carboxyatractylate did not 
alter superoxide production rates (Fig 12B, D). The 
administration of rotenone allowed determination of 
the superoxide production at the IQ site of complex I, 
interestingly superoxide production of tenrec brown 
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adipose tissue mitochondria was only slightly 
sensitive to rotenone. 

Conclusively, cold acclimation of Lesser hedgehog 
tenrecs significantly increased superoxide production 
rates under coupled conditions (+GDP), whereas 
uncoupled (state 4) superoxide production rates 

remained unchanged. It is well 
established that there is a strong 
positive correlation between 
membrane potential and ROS 
production (Hansford et al. 1997, 
Boveris et al. 1976, Nohl et al. 
1996, Herrero et al. 1998). A small 
increase in membrane potential (-10 
mV) is able to inhibit H2O2 
production by approximately 70% 
(Hansford et al. 1997, Votyakova et 
al. 2001). I could not measure the 
membrane potential of tenrec 
brown adipose tissue mitochondria 
in state 4, as mitochondria were 
fully uncoupled after the isolation 
process (see chapter IV Fig. 2I). 
Nevertheless, under recoupled 
conditions the membrane potential 
of warm acclimated animals was 
2.4 mV higher, resulting in 32% 
lower superoxide production rates 
compared to cold acclimated 
animals. Cold acclimation caused 

an increase in UCP1 protein levels (mg mitochondrial 
protein) and oxidative capacity of brown adipose 
tissue mitochondria (see chapter IV Fig 2c). There 
was no correlation between UCP1 protein content and 
ROS production rates in state 4 (Fig. 13A). After 

inhibition of UCP1 with GDP I 
observed a strong correlation 
between UCP1 content and 
superoxide production rates (Fig. 
13B). In the cold acclimated group 
this effect was caused by a UCP1 
dependent decrease in respiration 
rates that affected ROS production 
rates (Fig 13C-D). Conclusively, 
inhibition of UCP1 couples brown 
adipose tissue mitochondria, 
leading to a higher membrane 
potential that lowers respiration 
rates and in turn elevates ROS 
production rates.  

 
Taken together, the expression of 

UCP1 in brown adipose tissue 
mitochondria may enable Lesser 
hedgehog tenrecs to maintain high 
respiration rates in the absence of 
deleterious superoxide production 
rates. Furthermore, tenrec UCP1 
seems to be as potent as Eutherian 
UCP1 in mildly uncoupling the 
mitochondria. The presented data 
additionally report on a strong 
negative correlation between 
respiration and ROS production 
rates, dependent on the 
mitochondrial membrane potential.

 
 

Figure 12: Superoxide production rates of tenrec brown adipose tissue 
mitochondria respiring either on succinate (5 mM, A-B) or glycerol-3-
phosphate (15 mM, C-D). GDP (5 mM) was used as a potent inhibitor of UCP1, 
rotenone (ROT 2 µM) of Complex I and carboxyatractylate (2.5 nM) of the ANT. 
Mitochondria respiring on succinate showed significant differences in superoxide 
production rates after inhibition of UCP1 (*P<0.05, Students t-test).  

 

 
 

Figure 13: Correlation between superoxide production rates, respiration rates 
(using 5 mM succinate as substrate) and the content of UCP1 (mg 
mitochondrial protein) in brown adipose tissue (BAT) mitochondria. A) There 
was no correlation between superoxide production rates and the UCP1 content in 
state 4 (uncoupled), whereas recoupling of mitochondria induced a strong 
correlation between superoxide production rates and the UCP1 content of 
mitochondria isolated from cold acclimated animals (B). This result was caused by 
a negative correlation between superoxide production rates and respiration rates 
(C), which dependent on the UCP1 content (D).  
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PHYLOGENETIC TREE OF  UCP1 

 

 
   

Figure 11: Phylogenetic tree of UCP1. A comprehensive search for UCP1 sequences was performed in public databases 
using keywords and by BLAST (GenBank/EMBL). A multiple sequence alignment was generated by MAFFT 
(http://mafft.cbrc.jp/alignment/software/). A Bayesian phylogenetic tree was inferred using the program MrBayes 3.1, 
assuming the JTT model of protein evolution and a gamma distribution of rates. Metropolis-coupled Markov chain Monte 
Carlo (MCMCMC) sampling was performed with one cold and three heated chains. Two independent runs were performed in 
parallel for 10 million generations and trees were sampled every 1000 generation. Posterior probabilities were estimated on 
the final 5,000 trees (burnin = 5,000; designed in a cooperation project with Prof. Dr. Thorsten Burmester, Universität 
Hamburg, Germany). 
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M OLECULAR CHARACTERIZATION OF BROWN ADIPOSE TISSUE I N A ‘ PROTO-
ENDOTHERMIC ’  MAMMAL PROVIDES A NOVEL APPROACH TO THE UNDERSTAND ING OF 

UNCOUPLING PROTEIN EVOLUTION  

 
Rebecca Oelkrug1, Nadja Goetze1, Cornelia Exner1, Goutham Ganjam1, Saskia Müller2, Maria 
Kutschke2, Matthias Tschöp2, Gerhard Heldmaier1, Martin Jastroch2 and Carola W. Meyer1,2  
 

1 Department of Animal Physiology, Faculty of Biology, Philipps-Universität, Karl-von-Frisch Strasse 
8, 35043 Marburg, Germany 
2 Institute for Diabetes and Obesity, Helmholtz Zentrum Munich, German Research Center for 
Environmental Health (GmbH), Munich, Germany 
 
The molecular events that facilitated the evolutionary transition from ecto- to endothermia in 
vertebrates are still unknown. The ‘ancient’ Lesser hedgehog tenrec, Echinops telfairi is considered a 
‘protoendothermic’ mammal as it shows fluctuating, ectothermic-like body temperature patterns. 
Interestingly, females maintain constantly high body temperatures (~33°C) during pregnancy and 
periods of parental care, demonstrating regulatory heat production. Thus, understanding the 
thermophysiology of this ‘protoendotherm’ may help to elucidate ancient patterns that led to ‘modern‘ 
(sustained) endothermy. We searched for, and characterized the molecular basis of NST in warm 
(27°C) and cold (20°C) acclimated E. telfairi in vivo and in vitro. Administration of a selective ß3-AR 
antagonist (SR59230A) suppressed rewarming rates from torpor after cold acclimation, indicating 
involvement of adrenergically mediated nonshivering thermogenesis (NST). Next, morphological 
analysis revealed a BAT-like depot in proximity to the gonads. The proton leak of isolated BAT 
mitochondria could be inhibited by GDP, suggesting UCP1-dependent proton conductance and, hence, 
the presence of functional BAT, which appeared recruitable by cold acclimation. Molecular analysis 
confirmed the tissue specific expression of UCP1 in tenrecs (etUCP1). We cloned and stably 
transfected etUCP1 in HEK293 cells. Isolated mitochondria of etUCP1 HEK293 cells showed 
inducible proton conductance using palmitate, and GDP-sensitivity, similar to mitochondria containing 
mouse UCP1. For the search of functional differences, we established bioenergetic measurements in 
intact HEK293 cells using plate-based respirometry, allowing high-throughput approaches for small 
molecule modulators. In the initial experiments, we show that the UCP1 activator TTNPB, a retinoic 
acid analog, is plasma membrane diffusible and allows direct specific activation of tenrec and mouse 
UCP1.Taken together, we show that E. telfairi possesses functional, UCP1-dependent brown adipose 
tissue, which may facilitate active rewarming from hypothermic states and support high body 
temperature for parental care. Substantial evolutionary distance between tenrecs and modern mammals 
provides a new window to study the evolution of structure-function relationships of UCP1.  
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Molecular characterization of nonshivering thermogenesis in a ‘protoendothermic’ 
mammal, the Lesser hedgehog tenrec (Echinops telfairi) 
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Matthias Tschöp, Gerhard Heldmaier, Martin Jastroch and Carola W. Meyer 
 
(1) Department of Animal Physiology, Faculty of Biology, Philipps-Universität, Karl-von-Frisch 
Strasse 8, 35043 Marburg, Germany 
 
The molecular events that facilitated the evolutionary transition from ecto- to endothermia in 
vertebrates are still unknown. The Lesser hedgehog tenrec, Echinops telfairi is considered a 
‘protoendothermic’ mammal because of its ectothermic-like body temperature patterns. Interestingly, 
females maintain constantly high body temperatures (~33°C) during pregnancy and periods of parental 
care, demonstrating regulatory heat production. Thus, understanding the thermophysiology of this 
‘protoendotherm’ may help to elucidate ancient patterns that led the way to ‘modern‘(sustained) 
endothermy. 
We studied warm (27°C) and cold (20°C) acclimated E. telfairi in vivo and observed pronounced daily 
cycles of hypothermia and hypometabolism, confirming that animals were torpid for most of the day. 
In cold acclimated tenrecs SR59230A, a selective ß3-AR antagonist suppressed rewarming rates from 
torpor by 50%, indicating involvement of adrenergically mediated nonshivering thermogenesis (NST). 
A large, brown adipose tissue (BAT)-like depot was found in proximity to the gonads, and molecular 
analysis confirmed the expression of UCP1. The proton leak of isolated BAT mitochondria could be 
inhibited >50% by GDP, suggesting UCP1-dependent proton conductance and, hence, the presence of 
functional BAT. The cold induced recruitment of BAT thermogenesis was associated with higher 
UCP1 expression and increased oxidative capacity by mitochondrial remodelling. Mitochondria of 
HEK293 cells transfected with tenrec (etUCP1) cDNA constructs showed a similar regulation of 
uncoupling activity as HEK293-mitochondria containing mouse UCP1, despite substantial 
evolutionary distance between these two species. 
In summary the NST of E. telfairi is UCP1-dependent, recruitable with cold acclimation, and 
significantly contributes to rewarming from torpor at cold ambient temperatures (50% of peak 
rewarming). However, sustained endothermia during reproduction and the atypical location of the 
major BAT depot in the abdominal region also suggests that BAT thermogenesis is relevant for 
reproductive success in this heterothermic species. Thus, our findings indirectly support the parental 
care model in the evolution of endothermy. 
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Molecular characterization of nonshivering thermogenesis in a ‘protoendothermic’ 
mammal, the Lesser-hedgehog tenrec (Echinops telfairi) 
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8, 35043 Marburg, Germany 
2 Institute for Diabetes and Obesity, Helmholtz Zentrum Munich, German Research Center for 
Environmental Health (GmbH), Munich, Germany  
 
The molecular events and mechanisms that facilitated the evolutionary transition from ecto- to 
endothermia in vertebrates are still unknown but must have involved the development of endogenous 
heat production. The Lesser-hedgehog tenrec, Echinops telfairi, is considered ‘protoendothermic’ as a 
result of ectothermic-like body temperature patterns. We studied metabolic responses of E. telfairi in 
vivo and observed daily cycles of hypothermia ranging from 21° to 33°C body temperature (Ta: 20°C). 
Rewarming rates from torpor were independent of ß3-adrenergic stimulation (judged with inhibitor 
SR59230A), emphasizing that classical adaptation of thermogenesis as found in brown adipose tissue 
(BAT) of rodents was absent. However, we found brown adipose-like tissue predominantly located in 
the abdominal cavity. Molecular analysis confirmed the expression of UCP1 mRNA and protein. The 
proton leak of isolated mitochondria could be inhibited more than 50% by GDP, suggesting UCP1-
dependent proton conductance. Taken together, BAT in E. telfairi appears to be consistent with the 
thermogenic function as found in rodents, but does not display the typical thermogenic adaptation. We 
are currently comparing UCP1 specific activity of E. telfairi with mouse (Mus musculus) in HEK293 
cells to explore whether differences in physiological heat production are reflected on the molecular 
evolution of UCP1. 
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Induced torpor in UCP1-KO mice 
 
Rebecca Oelkrug, Rosalie Morisset, Sebastian Busse, Gerhard Heldmaier, Carola W. Meyer 
 

Department of Animal Physiology, Faculty of Biology, Philipps-Universität, Karl-von-Frisch Strasse 
8, 35043 Marburg, Germany 
 
Endotherms exposed to cold ambient temperatures display two fundamentally different forms 
of endogenous heat production: shivering and non shivering thermogenesis (NST). A large 
proportion of NST is generated in the mitochondria of the brown adipose tissue (BAT) where 
UCP1 (uncoupling protein 1) dissipates mitochondrial proton motive force as heat. In small 
mammals this avenue of heat production is further assumed to support arousal during torpid 
or hibernating states.  
In order to assess the significance of functional BAT for mammalian torpor we investigated 
mice with a targeted ablation of the UCP1 gene (genetic background C57BL/6). A 
combination of cold exposure (18°C) and removal of food was used to induce torpor in wild-
type (WT; n=7) and UCP1-KO mice (n=5). Upon energetic challenge, all individuals entered 
long deep torpor bouts lasting more than 11 hours. There was no difference in torpor depth 
(min. Tb 19-20°C) or minimal metabolic rate during torpor (6-7 mlO2/h) between genotypes. 
A vibrational stimulus to the cage induced alarm arousal to normothermia in all mice. The 
rewarming rates of UCP1 KO mice, however were 50% lower (0.083°C/min) than those 
recorded in WT mice (0.165°C/min).  
Our results indicate that loss of functional BAT in mice reduces thermogenic capacity but 
does not impair the use of torpor with respect to the entry and depth. Thus, torpor behavior 
and arousal from torpor in daily heterotherms is not intimately connected with the expression 
of UCP1.  
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Säugetiere und Vögel sind in der Lage eine 
konstant hohe Körpertemperatur (~35-42°C) 
unabhängig von der sie umgebenden 
Außentemperatur zu regulieren und aufrecht zu 
erhalten, sie sind endotherm (Heldmaier et al. 
1990). Das Prärogativ der Endothermie 
ermöglichte es ihnen, während ihrer Radiation 
weite Teile der Welt zu kolonisieren und sich 
auch dort anzusiedeln, wo landlebende 
ektotherme Wirbeltiere keine Überlebenschance 
haben. 

Endotherme Säugetiere verteidigen ihre 
Körpertemperatur durch zwei Mechanismen der 
körpereigenen (endogenen) Wärmebildung, zum 
einen durch das Muskelzittern und zum anderen 
durch die zitterfreie Wärmebildung. Beim 
Muskelzittern reagiert das zervikale Rückenmark 
auf einen Kältestimulus und vermittelt die 
Aktivierung von antagonistisch arbeitenden 
Muskelgruppen. Es kommt zu einer 
Leerlaufkontraktion und chemische Energie, in 
Form von ATP, wird in Wärme anstatt 
mechanischer Arbeit umgesetzt (IUPS-Thermal-
Commission 2003). Das Kältezittern findet 
hauptsächlich in der Peripherie des Körpers statt, 
es verhindert eine zielgerichtete Lokomotion und 
zerstört die isolierende Luftschicht im Fell, was 
den Wärmeverlust über die Körperoberfläche 
erhöht (Hart 1952, Heldmaier et al. 1989). 
Letzteres ist vor allem für kleine Säugetiere, 
aufgrund ihres unvorteilhaften Oberflächen-
Volumenverhältnisses, energetisch nachteilhaft. 
Die zitterfreie Wärmebildung wird dagegen als 
effizienterer Weg zur endogenen Wärmebildung 
beschrieben, da sie den Wärmeverlust über die 
Körperoberfläche nicht beeinflusst (Cannon und 
Nedergaard 2004). Sie wird maßgeblich von 
kleinen Säugetieren, vor allem von 
Winterschläfern und Neugeborenen, zur 
Aufrechterhaltung einer konstanten 
Körpertemperatur genutzt (Cannon 1980, 
Himms-Hagen 1984).  

Der Ort der zitterfreien Wärmebildung ist das 
braune Fettgewebe (Nicholls und Locke 1984), 
das primär im dorso-zervikalen Bereich 
exprimiert und deshalb häufig als Heizjacke 
bezeichnet wird (Heldmaier et al. 2012). Das 
braune Fettgewebe unterscheidet sich vom 
weißen Fettgewebe durch eine verstärkte 
Vaskularisierung, multilokuläre Fetttröpfchen 
und die einzigartige Expression des 
Entkopplerproteins 1 (uncoupling protein 1, 

UCP1). Es besitzt nur geringe Mengen an ATP-
Synthase, um Ernährungsäquivalente in zelluläre 
Energieäquivalente umzuwandeln (Cannon and 
Vogel 1977). Zitterfreie Thermogenese wird 
durch die Ausschüttung von Noradrenalin aus 
postganglionären Nervenenden des 
sympathischen Nervensystems aktiviert (Fig. 1 
Introduction). Noradrenalin bindet an spezifische 
β3-adrenerge Rezeptoren auf der Oberfläche der 
braunen Adipozyten, woraufhin ein G-Protein 
gekoppelter Signalweg aktiviert wird, an dessen 
Ende Triglyzeride zu Fettsäuren abgebaut 
werden. Diese freigesetzten Fettsäuren dienen als 
Substrat für die in den Mitochondrien ablaufende 
β-Oxidation und als Aktivatoren von UCP1. 
UCP1 wird in der inneren Mitochondrien-
membran von braunen Adipocyten exprimiert 
und entkoppelt dort die oxidative 
Phosphorylierung von der ATP-Synthese durch 
die Erschaffung eines Protonenlecks, daraufhin 
wird Wärme anstelle von ATP gebildet. Die von 
UCP1 vermittelte Wärmebildung ist 
ausschlaggebend für die Funktion des braunen 
Fettgewebes.  

Die kritische Rolle von UCP1 für die vom 
braunen Fett vermittelte zitterfreie 
Wärmebildung wurde in Studien an BL6-
Mäusen, in denen durch homologe 
Rekombination das UCP1 Gen ausgeknockt 
wurde, nachgewiesen (Enerback et al. 1997, 
Golozobouva et al. 2001). UCP1 defiziente 
Mäuse können kein funktionales UCP1-Protein 
exprimieren und sind deshalb nicht in der Lage, 
ihre Körpertemperatur bei akuter Kälteexposition 
(4°C) langfristig zu verteidigen. Dennoch können 
auch UCP1-KO Mäuse in Kälte zu überleben, 
wenn sie zuvor an moderate Kälte (18°C) 
akklimatisiert wurden (Golozoubova et al. 2006). 
Dies weist daraufhin, dass längerfristig andere 
physiologische Mechanismen den Ausfall von 
UCP1 kompensieren können. Einige Studien 
deuten auf einen beschleunigten metabolischen 
Umsatz im weißen Fettgewebe oder zusätzliche 
Calciumzyklen in der Skelettmuskulatur hin 
(Grannemann 2003, Meyer et al. 2010, Ukropec 
et al. 2006, Shabalina et al. 2010). Diese 
alternativen thermogenetischen Mechanismen 
scheinen weniger effizient und nachteilig zu sein, 
denn die mittlere Überlebensrate von UCP1 
defizienten Mäusen ist im Vergleich zu 
Wildtypmäusen erheblich reduziert 
(Golozobouva et al. 2001).  
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Langanhaltende Kälteexposition stimuliert die 
Proliferation des braunen Fettgewebes und 
verbessert seine Thermogeneseleistung durch 
eine erhöhte UCP1 Expression und die 
Rekrutierung seiner oxidativen Kapazität 
(Klingenspor 2003, Fig. 2 Introduction); ein 
Prozess, der als adaptive Thermogenese 
bezeichnet wird (Lowell and Spiegelman 2000). 
Die adaptive Thermogenese ermöglicht es 
Säugetieren, ihre Thermogenesekapazität 
individuell an die vorherrschenden saisonalen 
Bedingungen anpassen. Dies ist ein 
Hauptcharakteristikum der thermoregul-
atorischen Aufgaben des braunen Fettgewebes in 
eutherischen Säugetieren. 

Zitterfreie Wärmebildung ist nicht nur wichtig 
für die Aufrechterhaltung einer konstanten 
Körpertemperatur bei Kälteexposition, sondern 
auch beim Erwachen (arousal) aus hypothermen 
und hypometabolen Phasen, wie dem 
Winterschlaf oder der Tagesschlaflethargie 
(Torpor, Fig. 3 Introduction, Cannon and 
Nedergaard 2004). Beides sind physiologische 
Verhalten, mit denen Säugetiere bis zu 98% ihres 
täglichen Energieverbrauchs einsparen können 
(Wang 1989, Ruf and Heldmaier 1992, Geiser 
2004, Heldmaier et al. 2004). Die 
Tagesschlaflethargie ist definiert als ein 
spontanes Torporereignis, das innerhalb von 24 
Stunden beendet ist. Beim Winterschlaf hingegen 
handelt es um die Aneinanderreihung mehrerer 
Torporereignisse, wobei ein einzelnes 
Torporereignis bis zu 30 Tage andauern kann 
(Bieber and Ruf 2009). Eine ganze 
Winterschlafperiode kann mehrere Monate 
betragen. Viele kleine Säugetiere nutzen Torpor 
oder den Winterschlaf als Antwort auf sinkende 
Umgebungstemperaturen oder eine temporäre 
Nahrungsknappheit im Winter. Besonders 
Vertreter der modernen Säugetierordnung 
Eutheria aus den nördlichen Breiten wurden 
eingehend auf ihre Kapazität zur zitterfreien 
Wärmebildung und ihr Winterschlafverhalten 
untersucht. Dies führte dazu, dass die Expression 
von braunem Fett und die Fähigkeit zur 
zitterfreien Wärmebildung als Prärogativ der 
eutherischen Säugetiere diskutiert wurden 
(Cannon und Nedergaard 2004). Es soll ihnen die 
Migration in kältere holarktische Regionen 
ermöglicht haben, einen experimentellen 
Nachweis für diese Hypothese gibt es bislang 
nicht. Torpor und Winterschlaf konnten jedoch 
mittlerweile auch bei phylogenetisch älteren 
Arten aus afrotropischen Regionen detektiert 
werden (Dausmann et al. 2004, Mzilikazi and 

Lovegrove 2004). Auch diese Arten nutzen 
Torpor und Winterschlaf als physiologische 
Anpassungen an saisonal bedingte 
Nahrungsknappheit oder sinkende 
Außentemperaturen im Winter.  

Neuere Studien zeigen zudem, dass die 
Expression von UCP1 bis zum evolutionären 
Ursprung der Knochenfische zurückgeführt 
werden kann (Jastroch et al. 2005). Eine primär 
thermogenetische Funktion in ektothermen 
Fischen ist eher unwahrscheinlich. Demzufolge 
ist es möglich, dass UCP1 einen 
Funktionswandel im Laufe der Evolution 
vollzogen hat. Die nächsthöhere 
Säugetierunterklasse bei der UCP1 und braunes 
Fett detektiert wurde, sind die Beuteltiere 
(Jastroch et al. 2008), jedoch scheint ihrem 
braunen Fett das Hauptcharakteristikum der 
adaptiven Thermogenese zu fehlen (keine 
Kälteanpassung, Polymeropolous et al. 2012). In 
Afrotheriern, die zur Unterklasse der höheren 
Säugetiere zählen, wurde braunes Fett und UCP1 
bei Östlichen Klippen-Elefantenspitzmäusen in 
einer Laborstudie detektiert (Elephantulus 
myurus, Mzilikazi et al. 2007), aber auch sie 
zeigten keine Form der adaptiven Thermogenese. 
Der Nachweis der adaptiven Thermogenese 
gelang erst bei einem anderen Vertreter der 
Afrotherier, den Hottentotten-Goldmullen 
(Amblysomus hottentottus longiceps, 
Scantleburry et al. 2008). Goldmulle leben 
unterirdisch in einem thermisch gepufferten 
Höhlensystem, exogene Wärmequellen (z.B. 
Sonnenbaden) fehlen und die Tiere sind 
vermutlich mehr auf endogene 
Wärmebildungsmechanismen angewiesen als 
ihre oberirdisch lebenden Vertreter. Adaptive 
Thermogenese in Goldmullen scheint somit nicht 
repräsentativ für die allgemeine 
thermoregulatorische Fähigkeit der gesamten 
Überordnung Afrotheria zu sein. Der 
evolutionäre Ursprung der UCP1 vermittelten 
Thermogenese konnte also bis jetzt noch nicht 
eindeutig geklärt werden. 
 

Ziel dieser Doktorarbeit war es die Bedeutung 
des braunen Fettgewebes, über seine anerkannte 
Funktion hinaus, in Säugetieren zu 
charakterisieren. Besonders die Rolle von 
aktivem UCP1 während des Aufwachvorgangs 
auf dem Torpor und in der Prävention von 
reaktiven Sauerstoffradikalen während der 
zitterfreien Wärmebildung standen im Fokus 
dieser Arbeit. Um den evolutionären Ursprung 
von UCP1 und braunem Fett besser zu verstehen, 
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wurden Studien an zwei Vertretern der 
phylogenetisch ursprünglichen Überordnung 
Afrotheria durchgeführt. Anhand dieser 
Ergebnisse sollte ein neues Licht auf die 
Evolution des braunen Fettgewebes geworfen 

werden. War wirklich die Migration in kältere, 
holarktische Regionen der Hauptgrund seiner 
Entstehung? Die vorliegende Arbeit ist in vier 
Kapitel gegliedert, deren Inhalt im Folgenden 
zusammengefasst wird. 

  

KAPITEL 1: TORPOR PATTERNS, AROUSAL RATES, AND TEMPORAL 

ORGANIZATION OF TORPOR ENTRY IN WILDTYPE AND UCP 1-ABLATED MICE  
 

R. OELKRUG ∞ G. HELDMAIER  
C.W. MEYER  

 

In eutherischen Säugetieren wird dem braunen 
Fettgewebe eine essentielle Rolle für das 
Erwärmen der Körpertemperatur aus dem Torpor 
und dem Winterschlaf zugesprochen. 
Interessanterweise treten Torpor und 
Winterschlaf auch bei älteren taxonomischen 
Gruppen auf, die kein klassisches braunes Fett 
besitzen und sich demzufolge nicht mittels UCP1 
vermittelter Thermogenese aus dem Torpor 
erwärmen können, zum Beispiel bei Monotremen 
und Beuteltieren (Fig. 3D Introduction, Hayward 
and Lisson 1992, Jastroch et al 2008, Nicol et al. 
2008). Welchen evolutionären Vorteil die 
Expression von braunem Fett und UCP1 für das 
Torporverhalten einer Spezies hat, konnte jedoch 
bislang nicht eindeutig geklärt werden (Lyman 
and O´Brian 1986, Stone and Purvis 1992). 
Diesen Sachverhalt näher zu beleuchten, war 
Ziel dieser Studie.  

Dafür arbeitete ich mit Wildtyp- und UCP1-
KO Mäusen desselben genetischen Hintergrunds 
(CL57/B6J, Enerback et al. 1997), wodurch ich 
den Effekt der UCP1-Expression auf das 
Torporverhalten und die Aufwach- und 
Aufheizraten aus dem Torpor innerhalb 
derselben Art untersuchen konnte. Mäuse zeigen 
im Gegensatz zu dsungarischen Zwerghamstern 
(Phodopus sungorus) oder Fettschwanzmakis 
(Microcebus murinus) keinen obligatorischen 
Torpor während der Wintermonate. Bei ihnen 
handelt es sich um eine fakultative, 
physiologische Antwort, die durch Futterentzug 
und Kälte im Labor induziert werden kann 
(Hudson and Scott 1979, Webb et al. 1982, 
Swoap et al. 2006, Dikic et al. 2008). Um Torpor 
auszulösen wurden die Versuchstiere bis zu 48 
Stunden gefastet und zu vier unterschiedlichen 
Zeitpunkten (6:00, 12:00, 18:00, 24:00 Uhr) 
wurde ihnen ein Kältestimulus (30°C auf 18°C) 
zur Torporinduktion gegeben. Unerwarteter 
Weise traten beide Gruppen bereits 20 Minuten 
nach dem Umschalten der Außentemperatur in 

den Torpor ein, wobei der Grad der Hypothermie 
(19.5-26.7°C) und Hypometabolie (5-22 mlO2*h

-

1) zwischen beiden Genotypen vergleichbar war. 
Auch die UCP1-KO Mäuse konnten aus dem 
Torpor aufwachen, jedoch zeigten sie, im 
Vergleich zu den Wildtypmäusen, um 50% 
reduzierte Erwärmungsraten. Infolgedessen 
dauerte das Aufwachen aus dem Torpor bei 
ihnen signifikant länger (39 min vs. 70 min) und 
kostete 60% mehr Energie. Dadurch belegten 
meine Daten eindeutig die Hypothese, dass 
schnelles Erwärmen aus dem Torpor weniger 
kostenaufwendig ist als langsames (Stone and 
Purvis 1992, Mc Kechnie and Wolf 2004). 
Sowohl die Wildtypmäuse als auch die UCP1-
KO Mäusen zeigten kein direktes Torporereignis 
nach dem Absenken der Außentemperatur um 
18:00 Uhr im Gegensatz zu den anderen drei 
Uhrzeiten. Dies deutet daraufhin, dass der 
circadiane Beginn der nächtlichen 
Aktivitätsperiode nicht überschrieben werden 
konnte und dass Torpor in Mäusen an einen 
ultradianen Rhythmus gebunden ist.  

Diese Studie belegte eindeutig, dass die 
Expression von funktionalem braunem Fett ein 
schnelleres und energetisch günstigeres 
Aufwachen aus dem Torpor ermöglicht, dessen 
Eintritt aber nicht beeinflusst. Phylogenetisch 
ältere Arten, die kein funktionales braunes Fett 
exprimieren, greifen vermehrt auf exogene 
Wärmequellen (wie die Sonnenstrahlung) 
während des Aufwachvorganges zurück 
(Mzilikazi et al. 2002). Möglicherweise ist dies 
ein Kompensationsmechanismus, der es ihnen 
erlaubt, auch ohne braunes Fett schnell und mit 
reduzierten Kosten aus dem Torpor 
aufzuwachen. Schlussfolgernd war die 
Expression von aktivem braunem Fettgewebe 
vielleicht vorteilhaft für das Torporverhalten in 
nördlichen Breiten, aber nicht notwendige 
Voraussetzung.
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KAPITEL 2: UNCOUPLING PROTEIN  1 DECREASES SUPEROXIDE PRODUCTION 

IN BROWN ADIPOSE TISSUE MITOCHONDRIA  
 

R. OELKRUG ∞ M . KUTSCHKE  
G. HELDMAIER ∞ C.W. MEYER  

M . JASTROCH 
 
Wie bereits erwähnt, katalysiert UCP1 die 
Freisetzung der im Protonengradienten 
gespeicherten Energie als Wärme. UCP1-
defiziente Mäuse können zwar in Kälte 
überleben, haben jedoch eine deutlich erniedrigte 
Lebenserwartung im Vergleich zu Wildtypmäuse 
des gleichen genetischen Hintergrunds, was die 
Frage nach den Vorteilen der durch UCP1 
vermittelten Thermogenese aufwirft. Nach der 
„free radical theory of aging“ könnte ein Anstieg 
von schädlichen Sauerstoffradikalen (reactive 
oxygen species, ROS) potentiell die Lebensdauer 
eines Organismus einschränken (Harman 1956, 
1972). Superoxide und reaktive 
Sauerstoffspezies entstehen primär durch 
abspringende Elektronen an den 
Atmungskomplexen der Mitochondrien, 
maßgeblich an Komplex I, III und der Glycerol-
3-Phosphatdehydrogenase. Durch Kälte steigen 
die oxidative Kapazität und die 
Thermogeneseleistung des braunen Fettgewebes 
an, wodurch die Wahrscheinlichkeit einer 
oxidativen Schädigung innerhalb der Zelle 
zunehmen könnte. Durch die Generierung eines 
Protonenlecks könnte jedoch aktiviertes UCP1 
den Protonengradienten so reduzieren, dass es 
zwar zu einem erhöhten Durchfluss von 
Elektronen über die Komplexe der Atmungskette 
kommt, aber zu keinem erhöhten Radikaldruck. 
Dieses sogenannte „milde Entkoppeln“ wird 
zurzeit intensiv und kontrovers in der Literatur 
diskutiert. Einige Studien befürworten eine 
Funktion von UCPs bei der ROS Prävention 
(Echtay et al. 2002, Echtay et al. 2003), während 
andere Studien speziell eine Rolle von UCP1 im 
Schutz vor reaktiven Sauerstoffspezies ablehnen 
(Silva et al. 2005, Shabalina 2006).  

Zur weiteren Evaluierung einer möglichen 
Funktion von UCP1 in der ROS Prävention 
wurden Mitochondrien aus dem braunen 
Fettgewebe von warm (30°C) und kalt (5°C) 
akklimatisierten Wildtyp- und UCP1-KO 
Mäusen isoliert und anschließend ihre Atmungs- 
und Superoxidproduktionsraten in vitro 
bestimmt. Durch Zugabe von Modulatoren der 

Atmungskette und UCP1 konnten die Seiten der 
Superoxidproduktion innerhalb der 
Mitochondrien bestimmt werden. UCP1 
reduzierte die Superoxidproduktion an der IQ-
Seite von Komplex I um ~40-50%, an der 
Glycerol-3-Phosphatdehydrogenase um ~20% 
und an anderen Seiten, wie dem Q-Pool oder 
Komplex III, um 50-70%. Durch 
Kälteakklimatisierung stieg die 
Protonenumsatzrate in Wildtypmitochondrien 
um 300% an. Bedingungen, unter denen die 
Superoxidproduktion ebenfalls ansteigen sollte. 
Meine Studie zeigte jedoch, dass UCP1 die 
Superoxidproduktion um bis zu 96% reduzierte. 

Durch die Entkopplung der Atmungskette von 
der ATP-Synthese wurde vermutlich die 
Wahrscheinlichkeit des „reversen 
Elektronentransport“ vermindert und somit die 
Superoxidproduktion an Komplex I der 
Atmungskette reduziert. Interessanterweise war 
die bei den Wildtypen beobachtete, 
kälteinduzierte Erhöhung der Substratoxidation 
in braunen Fettmitochondrien von UCP1-
defizienten Mäusen unterdrückt. Sie zeigten 
erniedrigte Superoxidproduktionsraten. 
Wahrscheinlich ist dies ein Schutzmechanismus, 
der die Anreicherung von ROS im braunen 
Fettgewebe von UCP1-defizienten Mäusen 
verhindern sollte.  

Meine Ergebnisse demonstrierten deutlich, 
dass das Entkoppeln der Atmungskette ein 
physiologisch relevanter Mechanismus ist, um 
den oxidativen Stress im braunen Fett während 
der β-Oxidation (Thermogenese) zu reduzieren. 
Es ist denkbar, dass in der Evolution eine 
Selektion für die Implementierung von UCP1 als 
Schutz vor ROS im braunen Fettgewebe 
stattfand. Unterstützt wird diese Hypothese durch 
die Entdeckung von ursprünglichen UCP1 
Orthologen in Ektothermen (Jastroch et al. 
2005), in denen eine primäre Funktion von UCP1 
für die endogene Wärmebildung 
unwahrscheinlich ist. 
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KAPITEL 3: SEASONAL CHANGES IN THERMOGENESIS OF A FREE -RANGING 

AFROTHERIAN SMALL MAMMAL , THE WESTERN ROCK ELEPHANT SHREW  
(ELEPHANTULUS RUPESTRIS) 

 
R. OELKRUG ∞ C.W. MEYER  

G. HELDMAIER ∞ N. MZILIKAZI  
 

Wie bereits oben erwähnt, treten Torpor und die 
Expression von braunem Fettgewebe auch bei 
phylogenetisch älteren Säugetierordnungen der 
südlichen Breiten  auf (Mzilikazi and Lovegrove 
2004, Mzilikazi et al. 2007). Demzufolge ist es 
wahrscheinlich, dass auch sie Formen der 
zitterfreien Wärmebildung während der 
saisonalen Anpassung an den Winter (adaptive 
Thermogenese) oder während des 
Aufwärmvorganges aus hypometabolen und 
hypothermen Phasen nutzen. Um die Funktion 
des braunen Fettgewebes in phylogenetisch 
älteren Arten aus afrotropischen Regionen besser 
zu verstehen, beschäftigte ich mich in dieser 
Studie mit den thermoregulatorischen 
Kapazitäten von Westlichen Klippen-
Elefantenspitzmäusen aus Südafrika. Basierend 
auf meinen Hauptforschungsinteressen, der 
Bedeutung des braunen Fettgewebes in 
Säugetieren (nicht nur in Eutheriern) und den 
evolutionären Umständen, die zu seiner 
Entwicklung geführt haben, interessierte mich 
vor allem:  
 
1) Wie ausgeprägt ist die saisonale 

metabolischen Anpassung in Arten 
afrotropischer Regionen? 

2) Wie weitverbreitet sind Formen der adaptive 
Thermogenese innerhalb der Überordnung 
Afrotheria?   

 
In dieser Studie wurden Westliche Klippen-

Elefantenspitzmäuse (Elephantulus rupestris) im 
Freiland (Gamkaberg Nature Reserve, 
Oudtshoorn, Südafrika) untersucht, so dass 
artifizielle Effekte einer Laborhaltung 
ausgeschlossen werden konnten. Westliche 
Klippen-Elefantenspitzmäuse gehören zur 
Überordnung der Afrotheria. Sie sind ideale 
Kandidaten zur Untersuchung von saisonalen 
metabolischen Anpassungen, da sie zu den 
kleinsten Vertretern der Afrotheria zählen und in 
einem sehr saisonalen Habitat, mit Regen 
während der Wintermonate, leben (Fig. 4 
Introduction).  

Entgegen der Erwartungen zeigten die 
untersuchten Elefantenspitzmäuse eine sehr 

ausgeprägte Fähigkeit, sich den energetisch 
höher werdenden Anforderungen während der 
Wintermonate anzupassen. Sowohl ihr 
Basalstoffwechsel als auch ihre metabolische 
Antwort auf einen Kältestimulus waren im 
Winter im Vergleich zum Sommer gesenkt, was 
auf eine Verbesserung der Fellisolierung oder 
eine Reduktion der Körpertemperatur während 
der Wintermonate hindeutete. Beides führt zu 
einer gesenkten Wärmeabgabe über die 
Körperoberfläche und somit zu einer 
Reduzierung der thermoregulatorischen Kosten. 
Bemerkenswerter Weise trat Torpor während der 
Winter- und während der Sommermonate auf, 
dabei schienen nicht nur sinkende 
Außentemperaturen und ein reduziertes 
Nahrungsangebot ausschlagende Faktoren für 
den Eintritt in den Torpor zu sein. Eine genauere 
Analyse der Daten ergab, dass Regen oder eine 
erhöhte Luftfeuchtigkeit als physikalischer 
Stimulus für den Eintritt in den Torpor eine 
wichtige Rolle spielten. Eine erhöhte Luftfeuchte 
zerstört die isolierende Luftschicht im Fell und 
führt dadurch zu einer erhöhten Wärmeabgabe. 
Die daraus entstehenden, erhöhten 
thermoregulatorischen Kosten können durch 
spontanen Torpor gesenkt werden. Bislang hat 
nur eine Studie von einem Zusammenhang 
zwischen Regen und Torpor berichtet (Körtner 
und Geiser 2000). Dieses Phänomen sollte in 
nachfolgenden Studien weiter validiert werden.  

An den Winter adaptierte Tiere zeigten nicht 
nur eine erhöhte Torporfrequenz, sondern auch 
niedrigere minimale Körpertemperaturen 
(niedrigste aufgezeichnete Körpertemperatur: 
11.9°C). Des Weiteren konnte die extreme 
Flexibilität der Westlichen Klippen-
Elefantenspitzmäuse während des arousals aus 
dem Torpor beobachtet werden. Von Östlichen 
Klippen-Elefantenspitzmäuse (Elephantulus 
myurus) war bislang bekannt, dass 
Elefantenspitzmäuse exogene Wärmequellen 
(Sonnenbaden) nutzen um aus dem Torpor 
aufzuwachen (Mzilikazi and Lovegrove 2002). 
Die hier untersuchte Art nutzte jedoch meistens 
körpereigene Wärmebildungsmechanismen um 
aus dem Torpor zu erwachen und besonders 
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ausgeprägt war dieses Verhalten während des 
Winters. Östliche Klippen-Elefantenspitzmäuse 
leben in einem Habitat mit Regen während der 
Sommermonate. Es wäre denkbar, dass die 
härteren Bedingungen im Habitat von 
Westlichen Klippen-Elefantenspitzmäusen zu 
einer Form der körpereigenen Wärmebildung 
(adaptive Thermogenese) während der 
Wintermonate geführt haben. 

Zur weiteren Evaluation dieser Hypothese 
bestimmte ich die Kapazität zur zitterfreien 
Wärmebildung von an den Sommer und an den 
Winter adaptierter Elefantenspitzmäuse. Zur 
Induktion der maximalen zitterfreien 
Wärmebildung erhielten die Tiere eine Injektion 
mit Noradrenalin, dem Neurotransmitter, der 
vom sympathischen Nervensystem zur 
Aktivierung des braunen Fetts ausgeschüttet 

wird. Als Bestätigung meiner Hypothese zeigten 
an den Winter adaptierte Tiere eine 1.8fach 
höhere Wärmebildungskapazität als an den 
Sommer adaptierte Tiere. Der eindeutige 
Nachweis dafür, dass adaptive Thermogenese ein 
weitverbreitetes Charakteristikum in der 
saisonalen Anpassung von afrotherischen 
Säugetieren ist. Darüber hinaus bestätigten 
weitere Analysen, dass ihre Fähigkeit zur 
adaptiven Thermogenese einen hohen Grad an 
thermoregulatorischer Plastizität aufweist; 
vergleichbar mit den thermoregulatorischen 
Fähigkeiten eutherischer Säugetiere der 
nördlichen Breiten. Ein evolutionäres Szenario, 
in dem braunes Fett und adaptive Thermogenese 
primär zur Besiedlung holarktischer Regionen 
entstanden sind, erscheint vor diesem 
Hintergrund sehr unwahrscheinlich. 

 
BROWN FAT IN A ´PROTOENDOTHERMIC ´ MAMMAL FUELS THE PARENTAL CARE MODEL 

OF MAMMALIAN EVOLUTION  
 

R. OELKRUG ∞ N. GOETZE ∞ C. EXNER 
L . YANG ∞ G.K . GANJAM ∞M . KUTSCHKE ∞ S. MÜLLER ∞ S. STÖHR 
M .H. TSCHÖP ∞ P.G. CRICHTON ∞ G. HELDMAIER ∞ M . JASTROCH 

C.W. MEYER  
 

Adaptive Thermogenese ist ein weitverbreitetes 
Charakteristikum der saisonalen Anpassung 
afrotherischer Säugetiere und konnte bislang 
nicht in phylogenetisch ursprünglicheren Arten, 
wie zum Beispiel Beuteltieren, nachgewiesen 
werden. Es ist demnach wahrscheinlich, dass 
innerhalb der Säugetierphylogenie voll 
funktionales braunes Fett das erste Mal bei den 
Afrotheriern auftrat. Demzufolge hat UCP1 seine 
volle thermogenetische Funktion an einem Punkt 
nach der Transition der Beuteltiere entwickelt. 
Die ursprünglichste Form von „modernem UCP1 
und braunem Fett“ müsste demnach innerhalb 
der Afrotheria zu finden sein. Es gibt eine 
Gruppe von Säugetieren, die zwischen das 
Evolutionsstadium fakultativ endothermer 
Reptilien und endothermer Säugetieren gestellt 
werden kann. Diese sogenannten 
„protoendothermen“ Säugetiere zeichnen sich 
durch eine sehr hohe Flexibilität in ihrem 
thermoregulatorischen Verhalten und den 
fakultativen Nutzen von Ektothermie zur 
Energieeinsparung aus (Grigg et al. 2004). 

Braunes Fett konnte bei ihnen bislang nicht 
nachgewiesen werden. Der kleine Igeltenrek 
(Echinops telfairi) ist ein protoendothermes 
Säugetier, das zur Überordnung Afrotheria zählt 

(Fig. 5 Introduction). Er lebt endemisch auf 
Madagaskar und ist der ideale Modellorganismus 
bei der Untersuchung einer direkten Verbindung 
zwischen Endothermie und der Evolution von 
voll funktionalem braunem Fettgewebe.  
Die Körpertemperatur des kleinen Igeltenreks ist 
stark an die Umgebungstemperatur gekoppelt 
und zeigt reptilien-ähnliche Verläufe (Lovegrove 
and Genin 2008). Durchgängig hohe (~32°C) 
Körpertemperaturen werden nur von Weibchen 
während Perioden der Reproduktion und der 
elterlichen Fürsorge erreicht (Poppitt et al. 1994). 
Auch wenn kleine Igeltenreks Formen der 
endogenen Thermogenese nur sehr 
opportunistisch zu nutzen scheinen, konnte β3-
adrenerge Inhibierung die Aufwärmraten aus 
dem Torpor in vivo erniedrigten; der erste 
Hinweis auf eine Rolle der zitterfreien 
Wärmebildung beim arousal aus dem Torpor 
und die mögliche Expression von braunem 
Fettgewebe. Bei der anschließenden Präparation 
der Versuchstiere konnte braunes Fettgewebe 
anatomisch nachgewiesen werden. 
Ungewöhnlicher Weise befanden sich die 
größten braunen Fettdepots in der Nähe der 
Gonaden, wohingegen sie sich bei Nagetieren im 
Hals-Nacken Bereich befinden. In diesen 



  ZUSAMMENFASSUNG 

 

147 

braunen Fettdepots konnte eine Rekrutierung der 
oxidativen Kapazität nach Kälteakklimatisation 
und ein hohes Protonenleck, das durch UCP1 
katalysiert wurde, nachgewiesen werden. 
Weiteres bioenergetisches Profiling von Tenrek 
UCP1 ergab die gleiche thermogenetische Potenz 
wie modernes Maus UCP1, unabhängig von der 
großen phylogenetischen Distanz zwischen den 
beiden UCP1 Orthologen. Demnach besitzen 
auch primitive, protoendothermen Säugetiere 
voll funktionales braunes Fett. Sie nutzen es nur 
nicht zur dauerhaften Aufrechterhaltung einer 
konstant hohen Körpertemperatur. 
Die Präsenz von aktivem gonadalen braunem 
Fett und die erhöhten Körpertemperaturen 
trächtiger Tenrekweibchen (Poppitt et al. 1994) 
deuten daraufhin, dass braunes Fett beim kleinen 
Igeltenrek primär eine Rolle bei der 
Jungaufzucht spielt. Meine Daten unterstützen 
dadurch ein evolutionäres Szenario, in dem 
aktive Selektion zu einer erhöhten 
Inkubationstemperatur des Fötus und sekundär 
zu einer Erhöhung der Körpertemperatur geführt 
hat. Dies ist eine Bekräftigung der elterlichen 
Fürsorgen Theorie der Evolution der 
Endothermie (parental care theory, Farmer 
2000). Eine Reduzierung der Nachwuchs-
sterblichkeit und eine Beschleunigung des 

juvenilen Wachstums ist der effektivste Weg, um 
die Fitness einer Art zu verbessern (Kozlowski 
1992). Die Theorie der elterlichen Fürsorge 
greift eben diesen Aspekt auf und postuliert, dass 
es durch eine Verbesserung der Brutpflege 
(erhöhte Inkubationstemperatur, bessere 
Versorgung der Jungen) zur Evolution der 
Endothermie kam (Farmer 2000). Eine direkte 
Ursache für die Evolution eines distinkten 
thermogenetischen Organs wie dem braunen Fett 
wurde in diesem Kontext jedoch noch nie 
untersucht.  

Basierend auf meinen Daten entwickelten wir 
ein neues Schema zur Evolution der 
Endothermie, in dem die vom braunen Fett 
vermittelte zitterfreie Wärmebildung zu einer 
verbesserten Inkubation und Brutpflege des 
Nachwuchses geführt hat. Dies ermöglichte die 
Radiation erster ursprünglicher Eutherier und 
führte zur Entstehung der ersten obligat 
endothermen Säugetiere. Die weitere 
Entwicklung und funktionelle Spezialisierung 
des braunen Fettgewebes, in Richtung 
Aufrechterhaltung einer konstant hohen 
Körpertemperatur, führte erst dann zur 
Erschließung weiterer ökologischer Nischen und 
zur Migration in holarktische Gebiete (Fig. 7 
Scope of the PhD-thesis).  
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EIGENE BEITRÄGE ZU VERÖFFENTLICHTEN TEILEN 

DER ARBEIT 
 
Laut §8, Absatz 3 der Promotionsordnung der Philipps-Universität Marburg (Fassung vom 12.4.2000) 
müssen bei den Teilen der Dissertation, die aus gemeinsamer Forschungsarbeit entstanden sind, „die 
individuellen Leistungen des Doktoranden deutlich abgrenzbar und bewertbar sein.“ Dies betrifft die 
Kapitel 1–4 und die Liste der weiteren wissenschaftlichen Arbeiten. Die Beiträge werden im 
Folgenden detailliert erläutert. 

 
KAPITEL 1: TORPOR PATTERNS, AROUSAL RATES, AND TEMPORAL ORGANIZATION OF 

TORPOR ENTRY IN WILDTYPE AND UCP1-ABLATED MICE  
 

• Durchführung aller Experimente 
 

• Auswertung und statistische Analyse von allen Daten mit Beratung durch Dr. Carola Meyer 
und Prof. Dr. Gerhard Heldmaier 

 
• Anfertigung von 90% der Abbildungen, 10% wurden von Dr. Carola Meyer erstellt 

 
• Anfertigung des Manuskriptes in Zusammenarbeit mit Dr. Carola Meyer und Prof. Dr. 

Gerhard Heldmaier 
 
Dieses Kapitel wurde in der vorliegenden Form am 19.04.2010 beim JOURNAL OF COMPARATIVE 

PHYSIOLOGY B eingereicht und am 01.08.2010 online publiziert:  
 

Oelkrug R., Heldmaier G. and Meyer C.W. (2011) Torpor patterns, arousal rates, and 
temporal organization of torpor entry in wildtype and UCP1-ablated mice. J Comp 

Physiol B 181: 137-145. 

 
K APITEL 2: UNCOUPLING PROTEIN 1 DECREASES SUPEROXIDE PRODUCTION 

IN BROWN ADIPOSE TISSUE MITOCHONDRIA  
 

• Durchführung aller Experimente 
 

• Auswertung und statistische Analyse von allen Daten mit Beratung durch Dr. Martin Jastroch, 
Dr. Carola Meyer und Prof. Dr. Gerhard Heldmaier 

 
• Anfertigung von allen Abbildungen 
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