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Figure 3 Neuron-specific AAY2-mediated overexpression of GSK33 in the ARC

(a) Schematic representation of ¢is and helper plasmid maps transfected into HEK-293 cells to produce AAV2-GSK3 (upper panels). Important elements of the viral genome are depicted in the
lower panel. GSK3 transcription was controlled by the neuron-specific synapsin promoter. (b) Confocal image showing primary cortical neurons expressing EGFP after 5 days of AAV2—EGFP
infection. (¢) Confirmation of AAV2-GSK3 g over-expression by immunoblotting of viral HA tag specific to AAV2—GSK3 in primary cortical neurons 5 days after infection. (d) In immunoblots of
peripheral HEK-293 cells infection with neuron-specific AAV2—GSK3 8 was absent. Only cells transfected with pcDNA3-GSK3 led to an increase in the HA tag protein. (e) Immunoblot showing
increased phospho-Tau (Ser®®)/total Tau protein ratio in cortical neurons infected with AAV2-GSK3 8. (F) Overexpression of AAV2—-GSK3 g in vivo was confirmed by in situ hybridizations. Shown are
representative autoradiographs of mouse brain sections after in situ hybridization to an antisense *S-labelled riboprobe hinding to GSK38 of AAV2—EFGP and AAV2-GSK38 mice. For validation
each cell culture experiment was repeated three times and statistical analysis is represented in the histograms. Results are means + S.EM. P < 0.01 and “"P < 0.001. TB, transcriptional blocker;
hSyn1, human synapsin1 promoter; hGSK38, human GSK38 tagged with HA epitope; pA, poly A sequence from bovine growth hormone; ITR, inverted terminal repeat; B, immunablot.
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Figure 4  Neuron-specific AAV2-mediated overexpression of GSK3 in the ARC: effects on whole-body energy and glucose metabolism in mice

(a) Wild-type mice were stereotaxically injected into the bilateral halves of the ARC with 2200 nl of AAV2 virus expressing EGFP (n = 7) asa control and GSK34 (n= 8). Shown are the body masses
of EGFP- and GSK38-overexpressing animals maintained on a chow diet (ad /ibifum) for 11 weeks followed by 18 days on an HFD (ad /ibitum). (b) Glucose tolerance tests 1 (GTT1) and 2 (GTT2)
(upper panel) and associated area under the curve (AUC; lower panel). GTT1, performed on day 58 on chow diet after surgery, revealed impaired glucose tolerance in AAV2-GSK3 8 mice compared with
AAV2-EGFP mice. After mice were switched to an HFD for 18 days GTT2 revealed exacerbated enhanced glucose intolerance in mice treated with AAV2—GSK38 compared with HFD-induced glucose
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validated by infecting both primary cortical neurons (Figure 3c)
and a peripheral cell line (HEK-293; Figure 3d) with AAV2
vectors expressing the fluorescent reporter EGFP (Figure 3b).
As expected, viral-induced GSK3 8 overexpression occurred in
neurons, but not HEK-293 cells. Following intraparenchymal
injection of the AAV2-GSK3p vector into the ARC of wild-
type mice, local overexpression of GSK38 was confirmed by
in situ hybridization (Figure 3f), and increased GSK3p kinase
activity was verified by measuring phospho-Tau content, a target
of GSK3p in the brain [38]. In cultured primary cortical neurons,
AAV2-mediated overexpression increased phospho-Tau protein
5-fold (Figure 3e, P < 0.001).

To investigate the effects of ARC-directed GSK3p
overexpression on energy metabolism, we injected 10" genomic
units of either AAV2—-GSK3p or a control AAV2 virus into the
ARC of 8-week-old wild-type mice. On a standard chow diet,
GSK3p8 overexpression induced a mild increase in body mass
that was only intermittently and transiently significant over a time
period of 78 days after injection (Figure 4a). Despite its minor
effects on body mass, ARC-directed overexpression of GSK38
impaired glucose tolerance significantly relative to controls
injected with AAV2-EGFP, based on an ipGTT performed on
day 58 (Figure 4b, P=0.04). After 78 days, both groups of mice
were switched to an HFD for 18 days, which led to an increased
body mass in both groups. However, the increase of body mass
induced by the HFD was strikingly increased in AAV2-GSK3p
mice compared with the controls, an effect that became significant
within 2 days after the diet switch and reached a value 17 %
greater than the controls by day 18 (Figure 4a). AnipGTT after 18
days on the HFD revealed that glucose tolerance had deteriorated
markedly in the AAV2-GSK3 8 mice compared with the controls
(Figure 4b, P < 0.001). DEXA analyses performed immediately
after the ipGTT revealed significant reductions of relative lean
mass (P < 0.001) and increases of relative fat mass (P < 0.001) in
AAV2-GSK3p8 mice fed the HFD, but not in mice fed standard
chow (Figure 4¢). Cumulative food intake (kJ/day) was increased
in AAV2-GSK3 g mice compared with the AAV2-EGFP controls
regardless of the diet (Figure 4d, P < 0.05), whereas energy
expenditure was unaltered (Figure 4e). Lastly, the respiratory
quotient (an indicator of substrate utilization) was reduced in
AAV2-GSK3p mice on both the standard chow diet and HFD
(Figure 4f, P < 0.001), suggesting preferential oxidation of lipid
as a fuel.

Taken together, these data provide clear evidence that GSK38
signalling potently affects energy and glucose homoeostasis in a
diet-sensitive manner via effects in the mediobasal hypothalamus.
The striking increase in the body mass differential between
AAV2-GSK3p8 and AAV2-EGFP mice after being fed the HFD
probably involves increased food intake, whereas the metabolic
rate was unchanged by hypothalamic GSK38 overexpression
in the former mice. By comparison, the effects of neuronal
GSK3p overexpression on the regular chow diet were modest, a
discrepancy that might be explained by redundancy in components
of the evolutionarily conserved WNT pathway, which may
have partially compensated for the effects of increased GSK38

signalling on the chow diet. Interestingly, growing evidence
indicates that consuming an HFD induces pro-inflammatory
responses in the hypothalamus [39]. Combined with evidence
that mediators of peripheral tissue inflammation |e.g. JNK
(c-Jun N-terminal kinase)] also activate GSK3p [40], it is
plausible that inflammation triggered by the HFD disrupts
compensatory mechanisms that might be functional on the chow
diet, thereby revealing potent deleterious effects of increased
GSK38 activity.

This interpretation is strengthened by evidence of increased
hypothalamic expression of SOCS3, which is induced during
inflammation and suppresses leptin and insulin signalling [41,42],
in AAV2-GSK3p mice compared with the controls while being
fed an HFD (Figure 4g, P = 0.02). The possibilities that increased
hypothalamic GSK3p signalling exacerbates inflammation and
leptin resistance during HFD feeding and/or that hypothalamic
inflammation increases local GSK3p8 activity are each consistent
with the results of the present study and warrant additional study.

Our findings show that although activation of central GSK38
exacerbates the deleterious effects of HFD feeding on whole-
body energy and glucose metabolism, there was only a trend
towards increased serum insulin levels in AAV2-GSK38 mice
relative to the controls (Figure 4h). A large number of papers
suggest that hypothalamic insulin signalling is required for
the inhibition of hepatic glucose production [3,4] and both
hypothalamic insulin and leptin signalling appear to improve liver
insulin sensitivity via a mechanism involving the vagus nerve
[43]. To investigate whether central GSK38 activity opposes
these effects and increases hepatic glucose output, we employed a
strategy that involves an indirect measurement of hepatic glucose
production using pyruvate as a substrate for gluconeogenesis,
such that the observed glucose excursion reflects hepatic glucose
output. Lep™® mice received either GSK38 inhibitor or vehicle
ICV 60 min before pyruvate was injected intraperitoneally and
blood glucose levels were measured (Figure 5a). Leptin-deficient
mice treated with the GSK3p inhibitor showed a significantly
reduced glucose excursion compared with the vehicle (P < 0.001,
n=>5-11/group). To further analyse the impact of central GSK38
inhibition on liver glucose metabolism, we measured the hepatic
levels of PEPCK, which is rate-limiting for gluconeogenesis.
Lep™® mice received either GSK38 inhibitor or vehicle (aCSF)
ICV 90 min before the liver was removed and immunoblotting
was performed (Figure 5b) and normalized to the p-actin
content. Central inhibition of GSK3 g administration significantly
decreased the amount of PEPCK protein in the liver compared
with the vehicle-treated group (P = 0.003, n = 4-5/group), which
is consistent with data obtained from hepatoma cells [44]. These
results support a model in which GSK3p in the brain tonically
favours increased plasma glucose levels via a mechanism that
involves increased hepatic gluconeogenesis, a phenomenon
that can be induced by local hypothalamic inhibition of PI3K
[3] and is also observed in diabetic animals and humans [45,46].

Taken together, our data provide the first evidence that increased
GSK3 8 signalling within the CNS drives hyperglycaemia and ex-
erts deleterious effects on whole-body energy balance and glucose

intolerance in AAV2—-EGFP mice. (¢) DEXA scan images of representative animals with overexpression of AAV2—EGFP or AAV2—GSK38 mice on a chow diet and an HFD (upper panel). Body lean
and fat mass did not change after treatment with AAV2-GSK3 virus on the chow diet. On the HFD, body lean mass was significantly reduced and body fat mass was increased accordingly after
AAV2-GSK38 overexpression (lower panels). Values are expressed as the percentage of body mass. (d) AAV2—GSK38 over-expression in the ARC led to an increase in cumulative food intake in
animals fed a chow diet or an HFD. Food intake is shown in kJ/day over the whole period of chow diet or an HFD. HFD led to a significant increase in energy expenditure (e), whereas GSK38
overexpression did not alter energy expenditure regardless of diet; respiratory quotient was reduced on both the chow diet and HFD after GSK38 overexpression (f). (g) GSK3 over-expression led

to an increase in SOCS3 gene expression in the ARC. Rep

ve autoradiographies of coronal brain sections exposed to *S-labelled riboprobe against SOCS3. Insets depict localization within

the ARC of mice treated with AAV2—EGFP (left-hand) or AAV2-GSK3g (right-hand). Semi-quantitative analyses of gene expression of SOCS3 is represented in the histogram as the percentage of
AAV2-EGFPh. (h) Plasma insulin levels as measured by ELISA were unaltered regardless of treatment with AAV20-EGFP or AAV20-GSK38. Results are means + S.EM., *P < 0.05, P < 0.01

and ™ P < 0.001
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Figure 5 Central GSK3p regulates hepatic glucose production

(a) Shown are glucose concentrations {left-hand panel) and associated area under the curve
(AUC; right-hand panel) during intraperitoneal pyruvate tolerance tests. A central injection of
a GSK3 inhibitor decreased hepatic glucose production in Lep®™ mice. Pyruvate tolerance
tests were performed 60 min after the administration of GSK3g inhibitor (O) or vehicle (@)
into the lateral ventricle (n = 5-11/group). (b) Hepatic PEPCK levels were semi-quantitatively
assessed by immunoblotting using a specific antibody against PEPCK 90 min after the central
administration of either GSK3 inhibitor (n = 5) or vehicle (n=11) and were normalized by
p-actin, Results are means + S.EM., **P < 0.01 and ™**P < 0.001.

metabolism in the adult mouse, particularly in the setting of an
HED or genetic leptin deficiency. This, together with the notion
that this enzyme sensitizes insulin signalling in the hypothalamus,
further reinforces the concept that the brain is an essential organ
in the maintenance of peripheral glucose homoeostasis. Aberrant
GSK3p has also been associated with the pathogenesis of many
human diseases, such as osteoporosis [47], atherosclerosis [48],
cancer and Alzheimer’s disease [49]. The proposed role of GSK38
in the brain in regulating peripheral glucose homoeostasis might
constitute an important link between Type II diabetes and the
pathogenesis of these other severe diseases.
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p62 Links p-adrenergic input to mitochondrial
function and thermogenesis
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The scaffold protein p62 (sequestosome 1; SQSTM1) is an emerging key molecular link among the metabolic,
immune, and proliferative processes of the cell. Here, we report that adipocyte-specific, but not CNS-, liver-,
muscle-, or myeloid-specific p62-deficient mice are obese and exhibit a decreased metabolic rate caused by
impaired nonshivering thermogenesis. Our results show that p62 regulates energy metabolism via control
of mitochondrial function in brown adipose tissue (BAT). Accordingly, adipocyte-specific p62 deficiency led
to impaired mitochondrial function, causing BAT to become unresponsive to f-adrenergic stimuli. Ablation
of p62 leads to decreased activation of p38 targets, affecting signaling molecules that control mitochondrial
function, such as ATF2, CREB, PGCl1a, DIO2, NRF1, CYTC, COX2, ATP5[}, and UCP1. p62 ablation in HIB1B
and BAT primary cells demonstrated that p62 controls thermogenesis in a cell-autonomous manner, indepen-
dently of brown adipocyte development or differentiation. Together, our data identify p62 as a novel regulator
of mitochondrial function and brown fat thermogenesis.

Introduction

Obesity and its comorbidities, such as cardiovascular disease and
type 2 diabetes, are increasingly challenging healch threats in
modern societies. Obesity, defined as a pathologically exaggerated
accumulation of body fat, is the direct consequence of a prolonged
positive energy balance that occurs when energy intake chronically
exceeds energy expenditure. So far, pharmacological weight loss
therapies, frequently aiming to minimize energy intake, have been
hampered by limited efficacy or considerable side effects. There-
fore, novel strategies to safely and efficiently combat the obesity
and diabetes epidemic are urgently required.

In small mammals and infants, brown adipose tissue (BAT) plays
an important role in energy metabolism due to its ability to burn
energy by dissipating heat in response to sympathetic nerve activity
(1, 2). In adulc humans, however, BAT was long believed to play, at
most, a minor role in energy metabolism. More recently, this his-
torical view has been called into question by the observations that
adult humans possess considerable amounts of BAT (3-6) and that
the amount of BAT is decreased in obese compared with lean indi-
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viduals (3, 5). These observations, in addition to recent advances in
understanding the complex processes of brown adipocyte differen-
vation and function (7-12), have resulted in a rekindled scientific
interest in BAT as a therapeutic target for the treatment of obesity.
Scaffold proteins are important mediators ensuring efficient
and selective cell signal transduction. Enzymatic signal specific-
ity mediated by scaffold proteins is thereby achieved through spe-
cific protein-protein interactions between shared motifs locared
in both the target enzyme and the scaffold protein. p62 (seques-
tosome 1; SQSTM1) was originally identified as a signal adaptor
for isoforms of the atypical PKC subfamily (aPKCs) (13, 14). p62
is a multimodular adaptor protein involved in a number of sig-
naling pathways affecting important biological processes, such as
inflammation, cell differentiation, cell growth, and tumorigenesis
(15-17). We have previously shown that global ablation of p62 in
mice results in obesity and systemic glucose intolerance and insu-
lin resistance (18, 19). The main goal of the present study was to
rigorously establish the in vivo targer tissue accounting for the role
of p62 in the control of metabolic homeostasis and obesity and
also to unravel the mechanistic details of p62 in those processes.

Results

Generation of tissue-specific p62~~mice. To establish the p62 rarget tis-
sue responsible for its role in whole-body metabolic control and
obesity in vivo, we used the Cre-lox system to target key tissues
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implicated in systemic energy metabolism control, namely CNS,
liver, skeletal muscle, adipose tissue, and cells of the myeloid lin-
eage. To that end, we generated the tissue-specific p627/~ mouse
lines shown in Supplemental Figure 1 (supplemental material
available online with this article; doi:10.1172/JCI64209DS1). Brief-
ly, the coding exon 1 of the murine p62 isoform 1 (NM_011018.2)
was deleted by mating chimeric p62 floxed mice with mice express-
ing Cre recombinase (Cre) under the control of the promoter for
either nestin (Nes, CNS specific) (20), albumin (Alb, liver specific)
(21), myosin light chain 1£(MlcIf, muscle specific) (22), or adipo-
cyte protein 2 (aP2 also known as Fabp4, adipocyte-specific) (23). As
aP2 is also expressed in macrophages (24), we also generated mice
that lack p62 in the myeloid lineage using lysozyme M (LysM, also
known as Lyz2) cre mice. Validation of tissue-specific p62 deletion
was assessed using Western blot analysis (Supplemental Figure 1).

CNS-specific deletion of p62 in mice does not affect systemic metabolism.
The metabolic phenotype of mice with exclusive deletion of p62
in the CNS was assessed under 2 different feeding regimes. Some
mice were fed a regular standard chow diet (5.6% fat), whereas a
parallel cohort was fed a high-fat diet (HFD) (58% far). Surpris-
ingly, we observed no difference in body weight (Figure 1A), body
composition (Figure 1, B and C), or food intake (Figure 1D) in

The Journal of Clinical Investi

mice that lack p62 selectively in the CNS (Nes-cre*;p62/#//%#) as
compared with WT controls (Nes-cre*;p62*/*), irrespective of the
diet. Accordingly, we concluded that obesity in the global p627/-
mice was mediated by peripheral mechanisms and independent of
p62 signaling in the brain.

Hepatic deletion of p62 in mice does not affect systemic metabolism.
The phenotypical analysis of mice that lack p62 exclusively in
the liver (Alb-cre*;p62/x#/xr) also failed to reveal any alterations in
body weight (Figure 1E), body composition (Figure 1, F and G),
or food intake (Figure 1H) when compared with WT controls
(Alb-cre;p627+) independently of the diet. In addition, no signs of
liver steatosis were observed and no differences in systemic glu-
cose tolerance were observed when comparing liver-specific p62+/~
mice and their WT lictermate controls (Supplemental Figure 2A).
Together, these data do not support a role for hepatic p62 signal-
ing in the regulation of body weight or systemic metabolism.

Deletion of p62 in-mouse skeletal muscle does not affect systemic metabolism.
We next analyzed the metabolic phenotype of mice lacking p62
exclusively in skeletal muscle (MlcIf-cre*;p62i=»/@r). When com-
pared with WT controls (MlcIf-cre’;p62*/*), these murtant mice
did not show any signs of obesity on either regular chow or HFD
(Figure 11). In fact, the body weight of the muscle-specific p627/~
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Figure 2

Metabolic phenotype of adipocyte-specific p62-- mice. Body weight (A), body composition at an age of 26 weeks (B and C), and food intake (D)
of adipocyte-specific p62-- and control mice fed either with a standard chow diet (5.6% fat) or HFD (58% kcal fat). H&E staining of liver samples
from 35-week-old chow-fed adipocyte-specific p62-~ and WT mice (E). Glucose tolerance (F) and insulin sensitivity (G) of 17-week-old chow-fed
adipocyte-specific p62-- and WT mice. Energy expenditure (EE). (H-J) and locomotor activity (K) of 33-week-old chow-fed adipocyte-specific
p62--and WT mice at room temperature (23 = 2°C). Body core temperature of 35-week-old chow-fed adipocyte-specific p62~- and WT mice
at room temperature and during acute cold exposure (16 hours at 4°C) (L). n = 7-11 mice each group. Data represent mean + SEM. *P < 0.05;
P <0.01; P < 0.001.
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Figure 3

Impaired response to $-adrenergic receptor stimulation in adipocyte-specific p62-- mice. Body surface temperature above the BAT, measured
with an IR camera, of obese adipocyte-specific p62-- mice before (A) and after (B) i.p. treatment with CL-316,243 (0.6 mg/kg). Measurement of
energy expenditure (expressed as multiple of baseline expenditure at injection) (C) and increase of BAT temperature (measured using implanted
temperature sensors) at different time points after s.c. treatment with norepinephrine (1 mg/kg) (D). n = 7-11 mice per group (A and B); n = 4 mice
each group (C and D). Data represent mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001.

mice was moderately lower when compared with WT controls fed
standard chow diet but not HFD (Figure 1I). The decreased body
weight of the chow-fed muscle-specific p62/~ mice was accompa-
nied by a decrease in body fat and lean tissue mass (Figure 1,] and K)
without notable changes in food intake (Figure 1L) or glucose tol-
erance (Supplemental Figure 2B). Indirect calorimetry performed
at the age of 20 weeks revealed no detectable differences in energy
expenditure, locomortor activity, or substrate utilization between
the muscle-specific p62~~ mice and their WT controls (Supplemen-
tal Figure 3, A-D). Also, the energy expenditure response to a nor-
epinephrine challenge (1 mg/kg, single s.c. injection) did not differ
between both genotypes (Supplemental Figure 3E). Together, these
data indicate that lack of p62 signaling in the skeletal muscles does
not explain the role of p62 in the systemic control of body weight
and adiposity observed in global p62~~ mice.

Adipocyte-specific, but not macrophage-specific, deletion of p62-/~ results in
obesity and glucose intolerance. When mice that lack p62 selectively in
the adipose tissue (aP2-cre*;p62@#/%?) were analyzed, we observed a
dramatically enhanced body weight gain as compared with WT con-
trols (aP2-cre*;p627*) on both standard chow and HFD (Figure 2A).
The obese phenotype of the adipocyte-specific p627/~ mice was com-
parable to that observed in the global p62+~ mice and was a conse-
quence of increased body fat and lean tissue mass (Figure 2, Band C).
Interestingly, as in the case of global p627~ mice, obesity was not par-
alleled by changes in food intake (Figure 2D). On either diet, adipo-
cyte-specific p627~ mice had liver steatosis (Figure 2E), impaired glu-
cose tolerance, and decreased insulin sensitivity (Figure 2, Fand G).
aP2cre mice have been reported to potentially cause target gene
deletion in cells beyond adipocytes, such as CNS neurons or macro-
phages. However, we had already shown that deletion of p62 in the
CNS did not cause a body weight phenotype and consequently could
not explain the phenotype of aP2-cre*;p62/##/«# mice. Therefore, we
next used lysozyme M (LysM) cre mice to selectively knock out p62
in the myeloid cell lineage (LysM-cre*;p62/##/@%). Careful phenotype
analysis of these mutant mice did not reveal any differences in body
weight, body composition, or glucose and insulin sensitivity when
compared with the corresponding WT control mice (Supplemental
Figure 4, A-E). Collectively, these findings indicate that obesity in
aP2-cre*;p62le?17 mice is a consequence of p62 deficiency in adipo-
cytes and does not result from the lack of p62 in myeloid cells.

White adipocytes of the obese adipocyte-specific p62~~ mice
were greatly enlarged (Supplemental Figure 5A) and showed
increased basal activity of Mapk1 (also known as ERK) (Supple-
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mental Figure 5B), which is in agreement with previously report-
ed data in total p62-deficient mice (19). Expression of proinflam-
matory cytokines and chemokines, such as I/6, Tnfa, chemokine
cc motifligand 2 [Ccl2], and integrin a-x [Itgax], as well as mark-
ers of macrophage infiltration (Cd68 and Emr1 [also known as
F4/80]) were increased as expected, considering the obese pheno-
type of these mice (Supplemental Figure 5, C and D). Of note,
expression of Pparg and Cebpb, well-known master regulators of
adipogenesis and fat cell differentiation (2, 25), was not changed
in epididymal white adipose tissue (eWAT) of adipocyte-specific
627~ mice (Supplemental Figure SE). Gene programs controlling
lipoprotein metabolism, lipogenesis, fatty acid transport, or lipol-
ysis were also not affected by adipocyte-specific p62 deficiency
(Supplemental Figure 5, F-I). Finally, there was no difference in
plasma-free fatty acids and free glycerol between genotypes fol-
lowing a challenge with norepinephrine (1 mg/kg) (Supplemental
Figure 5, ] and K). We conclude that the obese phenotype of adi-
pocyte-specific p627~ mice does not result from changes in fatty
acid mobilization or lipolysis.

Impaired nonshivering thermogenesis in adipocyte-specific p62-/~ mice.
Indirect calorimetry, performed at an age of 33 weeks, revealed that
energy expenditure was decreased in adipocyte-specific p62~~ mice
as compared with WT controls (Figure 2H). Importantly, this find-
ing was confirmed when energy expenditure raw data were ana-
lyzed without normalizing for body size using ANCOVA, with body
fat and lean tissue mass as covariants, as proposed recently (ref. 26
and Figure 2, I and J). The decrease in energy expenditure was
accompanied by a significant reduction in locomotor activity
(Figure 2K)and considerablylower body core temperature (Figure 2L).
Based on these observations, we hypothesized that the decreased
energy metabolism of the adipocyte-specific p627~ mice might be
a consequence of impaired nonshivering thermogenesis in BAT.
Accordingly, to test whether p62 links p-adrenergic stimulation
with mitochondrial uncoupling in vivo, we measured the surface
temperature above BAT in response to the selective f-3 adrenergic
receptor agonist CL-316,243. In line wich our hypothesis, single
Lp. treatment with CL-316,243 (0.6 mg/kg) significantly increased
the surface temperature above BAT in WT mice, but had no mea-
surable effect in adipocyte-specific p627~ mice (Figure 3, A and B).
These findings were corroborated by significantly impaired energy
expenditure (Figure 3C) and BAT surface temperature (Figure 3D)
responses o systemic norepinephrine (1 mg/kg) challenge in adi-
pocyte-specific p62~/~ mice compared with WT controls.
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Figure 4

Impaired mitochondrial function in BAT of chow-fed adipocyte-specific p62-- mice. H&E staining of BAT (A). Expression of genes related to
inflammation (B) and macrophage infiltration (C) in BAT. Western blot analysis of Ppargcia and Ucp1 (D) and ratio between levels of total and
phosphorylated levels of p38a in BAT (E). Expression of genes related to thermogenesis (F). Western blot analysis of Ucp1, Lipe, and Creb in the
inguinal WAT (G). Electron micrograph of brown adipocytes (H), Cox activity (I), and mRNA expression levels of genes related to mitochondrial
electron transport (J) in BAT of adipocyte-specific p62--and WT mice. Cox4i2, COX subunit 4b. Measurement of gene expression was performed
in n = 7-8 mice of each genotype. Cox activity and protein levels of p38a were assessed in nn = 4 mice of each genotype. Scale bars: 25 um (A);
1 um (H, original magnification x4,000); 200 nm (H; original magnification, x25,000. Data represent mean + SEM. *P < 0.05; **P < 0.01.
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Impaired mitochondrial function in BAT of adipocyte-specific p62-/
mice. Histological analysis revealed enhanced lipid deposition
with increased lipid droplet sizes in BAT of adipocyte-specific
627/~ mice (Figure 4A). Accordingly, expression profiles reflect-
ing inflammation (inducible nitric oxide synthase [Nos2], mannose
receptor C-type 1 [Mrcl], Tnfa, Il6, Itgax, Ccl2) and macrophage infil-
tration (Cd68, Emrl) were increased (Figure 4, Band C). Consistent
with our hypothesis that nonshivering thermogenesis is impaired
in adipocyte-specific p627~ mice, protein levels of PPARGC1A
(also known as PGC1A) and uncoupling protein 1 (UCP1) were
decreased in these mice (Figure 4D). Importantly, we discovered
that the loss of p62 in adipocytes decreased activation of p38a
in BAT (Figure 4E). Consistent with that observation, we found
that mRNA expression of p38 downstream targets and key uncou-
pling regulators was significantly decreased in adipocyte-specific
627~ mice compared with WT controls, including cAMP response
element binding protein 1 [Creb], diodinase 2 [Dio2], Pgcla, and
nuclear respiratory factor 1 [NrfI] (Figure 4F). This finding was
corroborated by lower protein levels of CREB and UCP1, as well as
less phosphorylated LIPE (also known as HSL) in brown adipocyte
rich (Brite) inguinal adipose tissue (Figure 4G and ref. 27). Nota-
bly, expression of the B-3 adrenergic receptor (Adrb3) and the a2A
adrenergic receptor (Adra2a) was not changed in adipocyte-specific
p62~- mice compared with WT controls (Figure 4F), indicating a
role for p62 at the molecular interface between B-adrenergic input
and intracellular control of uncoupling in BAT.

Electron microscopy analyses revealed considerable differences
in mitochondrial structure as a consequence of p62 deficiency in
adipocytes (Figure 4H). Brown adipocytes from adipocyte-specific
P62~ mice contained mitochondria with fewer cristae, which were
also shorter and displaced to the periphery with varying degrees
of disorientation (Figure 4H). In line with this observation, we
found decreased oxidative capacity, as quantified by measuring
cytochrome ¢ oxidase (Cox) activity, in BAT of adipocyte-specific

6 The Journal of Clinical Investigation

Electron transport Figure 5
201 Qe Cell autonomous effect of p62
H«o on mitochondrial function in

HIB1B cells. Western blot anal-
ysis of p62, CytC,and total and
phosphorylated Creb (A) and
mRNA level of Creb (B) and
genes related to mitochondrial
electron transport (C) in HIB1B
cells lacking p62 and controls.
mRNA levels of Ppargcia
in p62-deficient HIB1B cells
after 6 hours stimulation with
isoproterenol (1 uM) (D). Oil
red O staining in p62-deficient
HIB1B cells (E). *P < 0.05;
**P < 0.01;***P < 0.001.

p627/- mice (Figure 4I). Moreover, mRNA expression levels of gene
programs relevant to electron transport, such as cytochrome C
(CytC), Cox2, and ATP synthase mitochondrial F1 complex subunit
B (AtpSb), were likewise decreased (Figure 4]). Together, these data
indicate that p62 is essential for the scructural integrity and proper
function of BAT mitochondria.

Cell autonomous role of p62 in mitochondrial function. To assess
whether the observed effect on mitochondrial function was medi-
ated by p62 in a cell-autonomous manner, we knocked down p62
in the BAT cell line HIB1B using shRNA against p62 (Figure 5).
Consistent with our findings from adipocyte-specific p62~/~ mice,
knockdown of p62 in HIB1B cells led to decreased protein levels of
CytC, lower total and phosphorylated levels of Creb, and decreased
mRNA levels of the Creb, CytC, Cox2, and AtpSb genes (Figure 5,A-C).
In line with this observation, the response of PGCla. to isoprotere-
nol (1 uM) was significantly lower in cells lacking p62 (Figure 5D).
On an important note, knockdown of p62 did not affect adipocyte
development and differentiation (Figure SE).

To validate the results obtained in both the adipocyte-specific
627/~ mice and the HIB1B cells, we assessed the expression pro-
file of the thermogenic genes in BAT primary cells obtained from
WT or global p62/~ mice over the time course of adipocyte dif-
ferentiation (Supplemental Figure 6). In line with our previous
findings, expression of Ucpl, Ppargcla, and Cox2 was decreased
in the p62-deficient cells from day 4 with no notable difference
compared with WT controls within the first 3 days of differentia-
tion. Cytochrome ¢ expression was decreased from day 3 onwards
without any difference between genotypes within the first 2 days
of differentiation. No difference at any time point was observed for
AtpSb and Cox4 (Supplemental Figure 6, A-F).

Consistent with our findings in HIB1B cells, we likewise did not
observe a difference in adipocyte development and differentiation
between genotypes in the BAT primary cells (Figure 6A). Aligned
with our in vivo data, phosphorylated levels of both p38 and its
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Figure 6

Cell autonomous effect of p62 on mitochondrial function in BAT primary cells. Oil red O staining in p62-deficient BAT primary cells obtained from
global p62--and WT control mice (A). Western blot analysis of p62, p38, and phosphorylated levels of p38 and Atf2 in 5-day—differentiated BAT
primary cells treated for 30 minutes with isoproterenol (0.5 uM) or pretreated for 30 minutes with the p38 inhibitor SB202190 (10 puM) followed
by 30 minutes treatment of isoproterenol (0.5 uM) plus SB202190 (10 uM) (B). Measurement of OCR of 2-day—differentiated BAT primary cells
obtained from global p62--mice and WT controls in response to isoproterenol (0.5 uM) (C and D). *P < 0.05.

direct downstream target Atf2 were decreased in p62-deficient
cells upon stimulation with isoproterenol (Figure 6B). These
observations support our hypothesis that p62 affects thermogen-
esis through the p38 MAPK pathway.

To functionally validate the results obtained in the HIB1B cells,
we measured oxygen consumption in the BAT primary cells, both
before and after stimulation with isoproterenol (0.5 uM). Baseline
levels of oxygen consumption were comparable between controls
and cells lacking p62 (Figure 6, C and D). In primary cells obtained
from WT animals, we observed the expected immediate increase
in oxygen consumption in response to isoproterenol. However,
this effect was completely abrogated in cells lacking p62 (Figure 6,
Cand D). Based on recent evidence indicating that catecholamines
released from macrophages can substantially modulate BAT ther-
mogenesis (28), we next assessed whether the observed changes
in mitochondrial function persist after depletion of macrophages
from BAT primary cells. We observed a similar lower response to
isoproterenol in macrophage-depleted, p62-deficient BAT primary
cells (Supplemental Figure 7, B and C). Furthermore, mRNA lev-
els of Ucpl and Ppargela remained decreased in the macrophage-
depleted p62-deficient cells both before and after stimulation with
isoproterenol (Supplemental Figure 7, D and E). The decreased
Ucpl mRNA expression translated into decreased protein levels of
Ucp1 (Supplemental Figure 7F). Notably, no signs of macrophage
infilcration were observed after depletion of Trgam-positive cells
(Itgam is also known as Cd11b) (Supplemental Figure 7G), which
was confirmed by flow cytometry (Supplemental Figure 7A). No

The Journal of Clinical Investigation

differences regarding markers indicative of inflammation, DNA
damage, redox balance, or ER stress were observed between geno-
types (Supplemental Figure 7, G-K). Together, these data confirm
that p62 directly controls basal mitochondrial function of brown
adipocytes as well as their responsiveness to f-adrenergic stimula-
tion in a cell autonomous manner, independently of macrophage
infiltration and inflammation.

Discussion

Here we show for what we believe is the first time that the lack
of p62 exclusively in adipose tissue is sufficient to recapitulate
the metabolic syndrome phenotype of total p62-deficient mice,
including obesity, glucose intolerance, and insulin resistance. Our
results further identify BAT as the main organ responsible for the
impaired energy metabolism observed in the adipose-specific
627~ mice and reveal that p62 controls the mitochondrial func-
tion of brown adipocytes in a direct and cell-autonomous man-
ner. The direct effect of p62 deficiency in brown fat thermogen-
esis includes impaired mitochondrial scructure and dysfunction.
Interestingly, we observe here that p62 controls activation of p38
in vivo. Several studies have previously shown that p38 MAPK is
crucial for sympathetic nervous system-mediated (SNS-medi-
ated) activation of BAT nonshivering thermogenesis and Ucp1
function (7, 29-31). Notably, by screening a HeLa ¢cDNA library,
Sudo and colleagues previously identified p62 as a p38-binding
protein (32). Following up on that finding, Kawai and colleagues
identified 2 p62 binding domains in p38. One domain is located
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in the N-terminal p38 interaction (NPI) domain, whereas the
other is located in the C-terminal p38 interaction (CPI) domain
(33). Consistent with our finding that activated levels of p38 are
decreased in p62-deficient cells upon stimulation with isopro-
terenol, Kawai and colleagues found that genetic inactivation of
p62 in HeLa cells led to impaired p38 activation upon stimula-
tion with cytokines (33). Using surface plasmon resonance (SPR)
imaging experiments, Saito and colleagues showed that the p62
domain comprising amino acids 164-190 can directly bind to
p38 (34). However, whereas several lines of evidence support the
interaction of p62 and p38 in vitro, using genetically engineered
mice, we here show that this interaction appears to be of physi-
ological relevance in vivo. Accordingly, loss of p62 in adipocytes
impairs physiological activation of p38 and its downstream path-
ways, promoting uncoupling in vivo and in vitro. Such programs
governing uncoupling have been either directly or indirectly
linked to p38 activity and include A#f2, Creb, Ppargcla, Dio2, Nrfl,
Cox2, CytC, AtpSb, and Ucpl. All of these signals were significantly
decreased in adipocyte-specific p627/~ mice, suggesting that p62
likely controls mitochondrial function via the p38/Ppargcla
pathway. Notably, this assumption is consistent with reports
indicating that p62 binds p38 via its C-terminal domain and that
p62 is colocalized with phosphorylated p38 in the nuclei (32-34).

In line with the discovery that p62 controls mitochondrial func-
tion of BAT, we found oxidative capacity, measured by Cox activity,
to be decreased in BAT of adipocyte-specific p627/~ mice. Of appre-
ciable note, no difference in Cox activity was observed in BAT of
mice that specifically lack p62 only in skeletal muscle (Supplemen-
tal Figure 3F) or the myeloid lineage (Supplemental Figure 4F).

The observation that lipid metabolism is not changed in the
adipocyte-specific p62+/~ mice despite the altered morphology of
their adipocytes is intriguing and warrants further investigation.
As a matter of fact, previously published data showed that global
loss of p62 results in increased adipogenesis in vitro and enhanced
expression of adipogenic markers such as Pparg in vivo (19).
However, using aP2-conditional KO mice, we have been unable
to detect these alterations in WAT but rather changes in BAT. A
potential explanation for this discrepancy might be that che loss
of p62 in a total KO impairs WAT characteristics early during fac
development, revealing the role of p62 in WAT. In the conditional
model reported here, p62 is depleted at the time point when aP2
is expressed later during the adipocyte development process. WAT
differentiation appears to stay intact, but a clear role for p62 gov-
erning BAT function is revealed. We conclude that the alterations
in BAT may have secondary consequences on WAT in vivo but do
not directly affect Pparg-driven differentiation processes.

The maintenance of mitochondrial integrity is central to
numerous cellular processes, especially for those regulating the
SNS-mediated activation of brown fat thermogenesis. A num-
ber of recent studies using cotransfection and shRNA-mediated
knockdown of p62 have suggested that it plays an important role
in the disposal of dysfunctional mitochondria by autophagy, also
known as mitophagy, which is in accordance with p62’s role in
the autophagic clearance of polyubiquitinated proteins (35-40).
However, the analysis of p62-knockout cells does not support this
notion, making this mitophagy function of p62 highly controver-
sial at this moment (40-43). It could be argued that our observa-
tion that the mitochondrial structure and function is impaired in
the adipocyte-specific p627- mice is in line with the reports show-
ing that p62 might be implicated in the regulation of mitophagy.
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However, our observation that loss of p62 affects the genetic pro-
gram responsible for mitochondrial biogenesis does not support
this model. Together, these data strongly suggest that, although
decreased mitophagy cannot be completely ruled out, this would
not have a great impact on the p62-deficiency phenotype reported
here. We favor the notion that p62 is critical in the regulation of
transcriptional programs controlling mitochondrial homeostasis,
which underlies the phenotype of adipose-specific p62-KO mice.

Collectively, our findings indicate that the adipose-selective
inactivation of p62 unveils a new and unexpected function of this
important adapter in the direct control of BAT mitochondrial bio-
genesis and function.

Methods

Animal studies. For analysis of body weight, body composition, and food
intake, mice were kept at an ambient temperature of 23 + 2°C with con-
stant humidity and a 12-hour light/12-hour dark cycle. Mice had free
access to water and were fed ad libitum with either a regular standard chow
diet (5.6% fat; LM-485, Teklad) or a HED (58% kcal fat; Research Diets Inc.).
Measurements of energy expenditure were performed using a customized
indirect calorimetric system (TSE Systems Gmbh.). After adaptation for
24 hours, recordings were collected over the following 118 hours.

Gene expression analysis. Gene expression of tissue samples (n =7-9 mice
per group) was profiled with quantitative PCR-based (qPCR-based) tech-
niques using SYBR green, TagMan Single Probes, or TagMan Low Density
Arrays (Applied Biosystems). TagMan Low Density Arrays were performed
inn =4 mice of each genotype. The relative expression of the selected genes
was measured using the 7900HT Fast Real-Time PCR System (Applied Bio-
systems). For low-density arrays, the PCR reactions took place on a 384 well
reaction card preloaded with the specific primers and probes by the manu-
facturer. The sequences of primers and probes were designed and validated
by Applied Biosystems and were taken from the Assay-on-Demand mouse
library. The relative expression levels of each gene were normalized to the
housekeeping gene 185, HPRT, or RPL32.

Western blotting. Cell extracts for Western blotting were prepared in radio-
immunoprecipitation assay buffer (1x PBS, 1% Nonidet P-40, 0.5% sodium
deoxycholate, 0.1% sodium dodecyl sulphate, 1 mM phenylmethylsulfonyl
fluoride, and protease inhibitors). Lysates were separated by SDS-poly-
acrylamide gel electrophoresis and transferred to Nitrocellulose-ECL
membranes (GE Healthcare), where the immune complex was detected
by chemiluminescence (GE Healthcare). Antibodies were purchased from
Santa Cruz Biotechnology Inc. (Gapdh, CytC, p38, p-p38, Ppargcla),
Abcam plc (Ucpl), Progen Biotechnik (p62), and Cell Signaling Technol-
ogy Inc. (Creb, P-Creb, Mapk1, P-Mapk1, Lipe, P-Lipe, P-Atf2).

Cell cilturing and analysis of BAT primary cells and HIB1B cells. Culturing of adi-
pocytes was performed according to a protocol provided by C. Ronald Kahn
(Joslin Diabetes Center). For isolation of BAT primary cells, the interscapu-
lar BAT of 1-day-old global p62~- and WT mice was dissected and digest-
ed for 20 minutes in isolation buffer containing 61.5 mM NaCl, 2.5 mM
KCL, 0.65 mM CaCly, 2.5 mM glucose, SO mM HEPES, 2% BSA Fraction V,
and 1.5 mg/ml collagenase A (Roche Diagnostics Gmbh). Cells were cultured
for 2 days in DMEM High-Glucose (Fisher Thermo Scientific) containing
20% FBS and 1% penicillin/streptomycin. After reaching confluency, differ-
entiation was induced by switching to DMEM High-Glucose containing 10%
FBS, 20 nM insulin, 1 nM T3,0.125 mM indomethacin, 0.5 mM IBMX, and
5.1 uM dexamethasone. Two days after start of differentiation, medium was
switched to DMEM High-Glucose containing 10% FBS, 20 nM insulin, and
1 nM T3 until start of the experiments. The HIB1B cells were provided from
Bruce Spiegelman (Department of Cancer Biology, Dana-Farber Cancer
Institute and Department of Cell Biology, Harvard Medical School).
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Depletion of macrophages from BAT primary cells. Separation of macrophages
from BAT primary cells was performed by magnetic immunoaffinity isola-
tion using anti-Cd11b antibodies conjugated to magnetic beads (MACS Cell
Separation System; Miltenyi Biotec). Following BAT digestion, Itgam-positive
(Cd11b) cells were separated using positive selection columns (LD columns;
Miltenyi Biotec) according to the manufacturer’s instructions. For validity of
cell separation, cell eluates were taken before and after depletion of Cd11b-
positive cells as well as from the retained cell fraction. Successful depletion of
macrophages was confirmed by flow cytometry and qPCR analysis.

Flow cytometry to determine macrophage frequencies in BAT primary cells. Disso-
ciated BAT primary cells were suspended in PBS/10% FCS and preincubated
with § pug/ml anti-Cd16/32 (FeyRII/III block, clone 2.4G2; BD Biosciences).
Cells were then stained with FITC-conjugated anti-CD45 (clone 30-F11;
eBioscience) and APC-conjugated anti-F4/80 (clone BMS; eBioscience) on
ice for 20 minutes. Propidium iodide (1 pg/ml) was used to exclude dead
cells. Flow cytometry was performed on a FACS Aria III (BD Biosciences),
and results were analyzed using FACS Diva software (BD Biosciences).

Bioenergetics of BAT primary cells. Primary cells of litters were pooled and
independently differentiated and measured. Measurement of oxygen con-
sumption rate (OCR) was performed using an extracellular flux analyzer
(XF24, Seahorse Bioscience; Billerica). After differentiation for 2 days on
a XF24 well plate, cells were washed in 1x PBS and incubated in 675 ul
of DMEM (no. 5030; Sigma-Aldrich) in a non-CO; incubator for 1 hour.
Untreated oxygen consumption was recorded for 20 minutes followed by
isoproterenol injection (0.5 uM) and subsequent OCR measurement. OCR
measurement in macrophage-depleted primary cells was performed after
differentiating for 7 days. Untreated oxygen consumption was recorded for
20 minutes followed by measurement of OCR after injection of isoproter-
enol (0.5 uM, 35 minutes), oligomycin (2 pg/ml, 21 minutes), FCCP (1 uM,
21 minutes), and rotenon/antimycin A (2.5 uM each, 14 minutes).

Cox activity. Cox activity of interscapular BAT was assessed polarographical-
ly using a Clark type electrode (RANK Brothers) and a Powerlab for data pro-
cessing (ADInstruments). Tissue was weighted and homogenized mechani-
cally in tissue buffer (100 mM potassium phosphate, 2 mM EDTA, 10 mM
glurathione, pH 7.2, at 37°C) using QIAGEN TissueLyser. Homogenates
were treated with detergent (0.1% n-dodecyl-B-D-maltoside) and subjected to
a temperature-controlled reaction chamber containing 130 uM cytochrome ¢
from horse heart (Sigma-Aldrich) and 18 mM ascorbate in measuring buffer
(100 mM potassium phosphate, 5§ mM EDTA, pH 7.2,at 37°C).
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Measurement of p38a.. Protein levels of total and phosphorylated p38a
were assessed from BAT tissue using an InstantOne ELISA (eBioscience
Inc.). BAT samples were disrupted using a TissueLyser (Qiagen) and lysed
and analyzed according to the manufacturer’s instructions.

Transmission electron microscopy. Tissue samples were fixed in 2.5%
electron microscopy grade gluraraldehyde in 0.1 M sodium cacodylate
buffer, pH 7.4 (Science Services), postfixed in 2% aqueous osmium tetra-
oxide, dehydrated in gradual ethanol (30%-100%) and propylene oxide,
embedded in Epon (Merck), and cured for 24 hours at 60°C. Semithin
sections were cut and stained with toluidine blue. Ultrathin sections of
50 nm were collected onto 200 mesh copper grids and stained with ura-
nyl acetate and lead citrate before examination by transmission electron
microscopy (Zeiss Libra 120 Plus; Carl Zeiss NTS GmbH). Pictures were
acquired using a Slow Scan CCD-camera and iTEM software (Olympus
Soft Imaging Solutions).

Statistics. Statistical analyses were performed using the statistical tools imple-
mented in Graph Pad Prism (GraphPad Software). Differences between treat-
ment groups were assessed by 2-way ANOVA followed by Dunnett’s or Bonfer-
roni’s post hoc test, 1-way ANOVA, or Student’s 2-tailed ¢ test. All results are
given as mean + SEM. P < 0.05 was considered statistically significant.

Study approval. All procedures were approved by the Institutional Animal
Care and Use Committee of the University of Cincinnati and were per-
formed in accordance with the NIH principles of laboratory animal care.
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M OLECULAR CHARACTERIZATION OF BROWN ADIPOSE TISSUE | N A ‘PROTO-
ENDOTHERMIC ' MAMMAL PROVIDES A NOVEL APPROACH TO THE UNDERSTAND ING OF
UNCOUPLING PROTEIN EVOLUTION

Rebecca Oelkrdg Nadja GoetZe Cornelia Exnér Goutham Ganjafm Saskia Miiller, Maria
Kutschké, Matthias Tschép Gerhard HeldmaiérMartin Jastrochand Carola W. Meyéf

! Department of Animal Physiology, Faculty of BiglpBhilipps-Universitat, Karl-von-Frisch Strasse
8, 35043 Marburg, Germany

2|nstitute for Diabetes and Obesity, Helmholtz ZemttMunich, German Research Center for
Environmental Health (GmbH), Munich, Germany

The molecular events that facilitated the evoluigntransition from ecto- to endothermia in
vertebrates are still unknown. The ‘ancient’ Ledsedgehog tenre&chinops telfairis considered a
‘protoendothermic’ mammal as it shows fluctuatirgtothermic-like body temperature patterns.
Interestingly, females maintain constantly high yoadmperatures (~33°C) during pregnancy and
periods of parental care, demonstrating regulatbeat production. Thus, understanding the
thermophysiology of this ‘protoendotherm’ may h&dpelucidate ancient patterns that led to ‘modern’
(sustained) endothermy. We searched for, and desized the molecular basis of NST in warm
(27°C) and cold (20°C) acclimatéd telfairi in vivo andin vitro. Administration of a selective R3-AR
antagonist (SR59230A) suppressed rewarming rates forpor after cold acclimation, indicating
involvement of adrenergically mediated nonshiverthgrmogenesis (NST). Next, morphological
analysis revealed a BAT-like depot in proximity ttte gonads. The proton leak of isolated BAT
mitochondria could be inhibited by GDP, suggestit@¢P1-dependent proton conductance and, hence,
the presence of functional BAT, which appeareduitainle by cold acclimation. Molecular analysis
confirmed the tissue specific expression of UCP1ténrecs (etUCP1). We cloned and stably
transfected etUCP1 in HEK293 cells. Isolated mitoadria of etUCP1 HEK293 cells showed
inducible proton conductance using palmitate, abiP&Gensitivity, similar to mitochondria containing
mouse UCPL1. For the search of functional differeneee established bioenergetic measurements in
intact HEK293 cells using plate-based respiromedtipwing high-throughput approaches for small
molecule modulators. In the initial experiments, sh®w that the UCP1 activator TTNPB, a retinoic
acid analog, is plasma membrane diffusible andnalldirect specific activation of tenrec and mouse
UCP1.Taken together, we show tlattelfairi possesses functional, UCP1-dependent brown adipose
tissue, which may facilitate active rewarming frdmgpothermic states and support high body
temperature for parental care. Substantial evaiatip distance between tenrecs and modern mammals
provides a new window to study the evolution ofisture-function relationships of UCP1.
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Molecular characterization of nonshivering thermog@esis in a ‘protoendothermic’
mammal, the Lesser hedgehog tenre&¢hinops telfairi)

Rebecca OelkrigNadja Goetze, Cornelia Exner, Goutham GanjarkiSagiiller, Maria Kutschke,
Matthias Tschop, Gerhard Heldmaier, Martin Jastieroth Carola W. Meyer

(1) Department of Animal Physiology, Faculty ofIBgy, Philipps-Universitat, Karl-von-Frisch
Strasse 8, 35043 Marburg, Germany

The molecular events that facilitated the evolwimntransition from ecto- to endothermia in
vertebrates are still unknown. The Lesser hedgetergec, Echinops telfairi is considered a
‘protoendothermic’ mammal because of its ectothedlike body temperature patterns. Interestingly,
females maintain constantly high body temperat(¥t88°C) during pregnancy and periods of parental
care, demonstrating regulatory heat production.sThunderstanding the thermophysiology of this
‘protoendotherm’ may help to elucidate ancient graté that led the way to ‘modern‘(sustained)
endothermy.

We studied warm (27°C) and cold (20°C) acclimdtedelfairi in vivo and observed pronounced daily
cycles of hypothermia and hypometabolism, configrtimat animals were torpid for most of the day.
In cold acclimated tenrecs SR59230A, a selectivdR3antagonist suppressed rewarming rates from
torpor by 50%, indicating involvement of adreneadfiz mediated nonshivering thermogenesis (NST).
A large, brown adipose tissue (BAT)-like depot i@snd in proximity to the gonads, and molecular
analysis confirmed the expression of UCP1. Theoordeéak of isolated BAT mitochondria could be
inhibited >50% by GDP, suggesting UCP1-dependestbprconductance and, hence, the presence of
functional BAT. The cold induced recruitment of BAMermogenesis was associated with higher
UCPL1 expression and increased oxidative capacitynibgchondrial remodelling. Mitochondria of
HEK293 cells transfected with tenrec (etUCP1) cDWénstructs showed a similar regulation of
uncoupling activity as HEK293-mitochondria contaimpi mouse UCP1, despite substantial
evolutionary distance between these two species.

In summary the NST oE. telfairi is UCP1-dependent, recruitable with cold accliomtiand
significantly contributes to rewarming from torpat cold ambient temperatures (50% of peak
rewarming). However, sustained endothermia durggraduction and the atypical location of the
major BAT depot in the abdominal region also sutgyebat BAT thermogenesis is relevant for
reproductive success in this heterothermic spediess, our findings indirectly support the parental
care model in the evolution of endothermy.
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Molecular characterization of nonshivering thermog@esis in a ‘protoendothermic’
mammal, the Lesser-hedgehog tenre&¢hinops telfairi)

Rebecca OelkrdgNadja Goetze Gerhard HeldmaiérMartin Jastrochand Carola W. Meyéf
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8, 35043 Marburg, Germany

%Institute for Diabetes and Obesity, Helmholtz ZemttMunich, German Research Center for
Environmental Health (GmbH), Munich, Germany

The molecular events and mechanisms that factitdbe evolutionary transition from ecto- to
endothermia in vertebrates are still unknown bustinave involved the development of endogenous
heat production. The Lesser-hedgehog teritehinops telfairj is considered ‘protoendothermic’ as a
result of ectothermic-like body temperature pateive studied metabolic responsegotelfairi in
vivo and observed daily cycles of hypothermia rangmgf21° to 33°C body temperature (Ta: 20°C).
Rewarming rates from torpor were independent ohd@&nergic stimulation (judged with inhibitor
SR59230A), emphasizing that classical adaptatiaherfimogenesis as found in brown adipose tissue
(BAT) of rodents was absent. However, we found br@adipose-like tissue predominantly located in
the abdominal cavity. Molecular analysis confirntled expression of UCP1 mRNA and protein. The
proton leak of isolated mitochondria could be iitieitt more than 50% by GDP, suggesting UCP1-
dependent proton conductance. Taken together, BYH. itelfairi appears to be consistent with the
thermogenic function as found in rodents, but dugsdisplay the typical thermogenic adaptation. We
are currently comparing UCP1 specific activityaftelfairi with mouse Mus musculysin HEK293
cells to explore whether differences in physiolatjiceat production are reflected on the molecular
evolution of UCH.

125" Experimental Biology Meeting (EB), San Diego, U812 139



PUBLISHED CONFERENCE CONTRIBUTIONS

Deutsche Zoologische Gesellschaft
102. Jahrestagung

Q7

Rebecca Oelkrug, Rosalie Morisset, Sebastian B@&sdard Heldmaier, Carola W. Meyer

Department of Animal Physiology, Faculty of BiolpByilipps-Universitat, Karl-von-Frisch Strasse
8, 35043 Marburg, Germany

Endotherms exposed to cold ambient temperaturesaglisvo fundamentally different forms
of endogenous heat production: shivering and naveshg thermogenesis (NST). A large
proportion of NST is generated in the mitochonadfizthe brown adipose tissue (BAT) where
UCP1 (uncoupling protein 1) dissipates mitochorndsi@ton motive force as heat. In small
mammals this avenue of heat production is furtlssumed to support arousal during torpid
or hibernating states.

In order to assess the significance of function&lfBor mammalian torpor we investigated
mice with a targeted ablation of the UCP1 gene dtenbackground C57BL/6). A
combination of cold exposure (18°C) and removdbofd was used to induce torpor in wild-
type (WT; n=7) and UCP1-KO mice (n=5). Upon endmyehallenge, all individuals entered
long deep torpor bouts lasting more than 11 holinere was no difference in torpor depth
(min. Ty 19-20°C) or minimal metabolic rate during torp6fA miGy/h) between genotypes.
A vibrational stimulus to the cage induced alarmuaal to hormothermia in all mice. The
rewarming rates of UCP1 KO mice, however were 5@%el (0.083°C/min) than those
recorded in WT mice (0.165°C/min).

Our results indicate that loss of functional BAT nmce reduces thermogenic capacity but
does not impair the use of torpor with respecthi® éntry and depth. Thus, torpor behavior
and arousal from torpor in daily heterotherms isinbmately connected with the expression
of UCP1.
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Saugetiere und Vogel sind in der Lage eind&JCP1). Es besitzt nur geringe Mengen an ATP-
konstant hohe Korpertemperatur (~35-42°C)Synthase, um Erndhrungsaquivalente in zellulare
unabhangig von der sie umgebenderEnergieaquivalente umzuwandeln (Cannon and
AuBentemperatur zu regulieren und aufrecht z¥ogel 1977). Zitterfreie Thermogenese wird
erhalten, sie sind endotherm (Heldmaier et aldurch die Ausschittung von Noradrenalin aus
1990). Das Préarogativ der Endothermiepostganglionaren Nervenenden des
ermoglichte es ihnen, wahrend ihrer Radiatiorsympathischen Nervensystems aktiviert (Fig. 1
weite Teile der Welt zu kolonisieren und sichintroduction). Noradrenalin bindet an spezifische
auch dort anzusiedeln, wo landlebendgi3-adrenerge Rezeptoren auf der Oberflache der
ektotherme Wirbeltiere keine Uberlebenschanceraunen Adipozyten, woraufhin ein G-Protein
haben. gekoppelter Signalweg aktiviert wird, an dessen
Endotherme  Saugetiere verteidigen ihreEnde Triglyzeride zu Fettsduren abgebaut
Korpertemperatur durch zwei Mechanismen dewerden. Diese freigesetzten Fettsauren dienen als
korpereigenen (endogenen) Warmebildung, zurBubstrat fir die in den Mitochondrien ablaufende
einen durch das Muskelzittern und zum anderef-Oxidation und als Aktivatoren von UCP1.
durch die zitterfreie Warmebildung. Beim UCP1 wird in der inneren Mitochondrien-
Muskelzittern reagiert das zervikale Rickenmarknembran von braunen Adipocyten exprimiert
auf einen Kaltestimulus und vermittelt dieund entkoppelt dort die oxidative
Aktivierung von antagonistisch arbeitendenPhosphorylierung von der ATP-Synthese durch
Muskelgruppen. Es kommt zu einerdie Erschaffung eines Protonenlecks, daraufhin
Leerlaufkontraktion und chemische Energie, inwird Warme anstelle von ATP gebildet. Die von
Form von ATP, wird in Warme anstatt UCP1 vermittelte Warmebildung ist
mechanischer Arbeit umgesetzt (IUPS-Thermalausschlaggebend fir die Funktion des braunen
Commission 2003). Das Kaltezittern findetFettgewebes.
hauptséchlich in der Peripherie des Koérpers statt, Die kritische Rolle von UCP1 fir die vom

es verhindert eine zielgerichtete Lokomotion undraunen Fett vermittelte zitterfreie
zerstort die isolierende Luftschicht im Fell, waswWarmebildung wurde in Studien an BL6-
den Warmeverlust dber die Korperoberflicheviausen, in denen  durch homologe

erhoht (Hart 1952, Heldmaier et al. 1989).Rekombination das UCP1 Gen ausgeknockt
Letzteres ist vor allem fir kleine Saugetierewurde, nachgewiesen (Enerback et al. 1997,
aufgrund ihres unvorteilnaften Oberflachen-Golozobouva et al. 2001). UCP1 defiziente
Volumenverhdltnisses, energetisch nachteilhaftMuse kénnen kein funktionales UCP1-Protein
Die zitterfreie Warmebildung wird dagegen alsexprimieren und sind deshalb nicht in der Lage,
effizienterer Weg zur endogenen Warmebildunghre Korpertemperatur bei akuter Kalteexposition
beschrieben, da sie den Warmeverlust tber di@°C) langfristig zu verteidigen. Dennoch kdnnen
Kdrperoberflache nicht beeinflusst (Cannon uncguch UCP1-KO Mause in Kélte zu uberleben,
Nedergaard 2004). Sie wird malgeblich vorwenn sie zuvor an moderate Kalte (18°C)
kleinen  Saugetieren, vor allem  vonakklimatisiert wurden (Golozoubova et al. 2006).
Winterschlafern und  Neugeborenen, zumies weist daraufhin, dass langerfristig andere

Aufrechterhaltung einer konstanten physiologische Mechanismen den Ausfall von
Korpertemperatur  genutzt (Cannon 1980UCP1 kompensieren konnen. Einige Studien
Himms-Hagen 1984). deuten auf einen beschleunigten metabolischen

Der Ort der zitterfreien Warmebildung ist dasUmsatz im weil3en Fettgewebe oder zusatzliche
braune Fettgewebe (Nicholls und Locke 1984)Calciumzyklen in der Skelettmuskulatur hin
das primdr im dorso-zervikalen Bereich(Grannemann 2003, Meyer et al. 20Ukropec
exprimiert und deshalb hé&ufig als Heizjackeet al. 2006, Shabalina et al. 2010). Diese
bezeichnet wird (Heldmaier et al. 2012). Daslternativen thermogenetischen Mechanismen
braune Fettgewebe unterscheidet sich voracheinen weniger effizient und nachteilig zu sein,
weiBen Fettgewebe durch eine verstarktelenn die mittlere Uberlebensrate von UCP1
Vaskularisierung, multilokulare Fetttropfchendefizienten Mausen ist im Vergleich zu
und die einzigartige @ Expression  desWildtypmausen erheblich reduziert
Entkopplerproteins 1 upcoupling protein 1 (Golozobouva et al. 2001).
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Langanhaltende Kalteexposition stimuliert dieLovegrove 2004). Auch diese Arten nutzen
Proliferation des braunen Fettgewebes undorpor und Winterschlaf als physiologische
verbessert seine Thermogeneseleistung durdmnpassungen an saisonal bedingte
eine erhéhte UCP1 Expression und dieNahrungsknappheit oder sinkende
Rekrutierung seiner oxidativen KapazitatAulRentemperaturen im Winter.

(Klingenspor 2003, Fig. 2 Introduction); ein Neuere Studien zeigen zudem, dass die
Prozess, der als adaptive Thermogenedexpression von UCP1l bis zum evolutionaren
bezeichnet wird (Lowell and Spiegelman 2000)Ursprung der Knochenfische zurtickgefuihrt
Die adaptive Thermogenese ermdglicht esverden kann (Jastroch et al. 2005). Eine primar
Saugetieren, ihre Thermogenesekapazitdhermogenetische Funktion in ektothermen
individuell an die vorherrschenden saisonalerrischen ist eher unwahrscheinlich. Demzufolge
Bedingungen  anpassen. Dies ist einst es moglich, dass UCP1 einen
Hauptcharakteristikum der thermoregul-Funktionswandel im Laufe der Evolution
atorischen Aufgaben des braunen Fettgewebes wollzogen hat. Die nachsthéhere
eutherischen Saugetieren. Saugetierunterklasse bei der UCP1 und braunes

Zitterfreie Warmebildung ist nicht nur wichtig Fett detektiert wurde, sind die Beuteltiere
fur die Aufrechterhaltung einer konstanten(Jastroch et al. 2008), jedoch scheint ihrem
Korpertemperatur bei Kalteexposition, sonderrbraunen Fett das Hauptcharakteristikum der
auch beim Erwacherafousd) aus hypothermen adaptiven Thermogenese zu fehlen (keine
und hypometabolen Phasen, wie denKalteanpassung, Polymeropolous et al. 2012). In
Winterschlaf oder der TagesschlaflethargieAfrotheriern, die zur Unterklasse der hdheren
(Torpor, Fig. 3 Introduction, Cannon and Saugetiere zéhlen, wurde braunes Fett und UCP1
Nedergaard 2004). Beides sind physiologischbei Ostlichen Klippen-Elefantenspitzmausen in
Verhalten, mit denen S&ugetiere bis zu 98% ihresiner Laborstudie detektiert Elephantulus
taglichen Energieverbrauchs einsparen kénnemyurus Mzilikazi et al. 2007), aber auch sie
(Wang 1989, Ruf and Heldmaier 1992, Geisereigten keine Form der adaptiven Thermogenese.
2004, Heldmaier et al. 2004). Die Der Nachweis der adaptiven Thermogenese
Tagesschlaflethargie ist definiert als eingelang erst bei einem anderen Vertreter der
spontanes Torporereignis, das innerhalb von 2Afrotherier, den Hottentotten-Goldmullen
Stunden beendet ist. Beim Winterschlaf hingege(Amblysomus hottentottus longiceps
handelt es um die Aneinanderreihung mehrerescantleburry et al. 2008). Goldmulle leben
Torporereignisse, wobei ein einzelnesunterirdisch in einem thermisch gepufferten
Torporereignis bis zu 30 Tage andauern kanhkl6hlensystem, exogene Warmequellen (z.B.
(Bieber and Ruf 2009). Eine ganzeSonnenbaden) fehlen und die Tiere sind
Winterschlafperiode kann mehrere Monatevermutlich mehr auf endogene
betragen. Viele kleine Saugetiere nutzen TorpoWarmebildungsmechanismen angewiesen als
oder den Winterschlaf als Antwort auf sinkendehre oberirdisch lebenden Vertreter. Adaptive
Umgebungstemperaturen oder eine temporarehermogenese in Goldmullen scheint somit nicht
Nahrungsknappheit im Winter. Besonderseprasentativ far die allgemeine
Vertreter der modernen Saugetierordnunghermoregulatorische Fahigkeit der gesamten
Eutheria aus den nordlichen Breiten wurderUberordnung  Afrotheria  zu  sein.  Der
eingehend auf ihre Kapazitat zur zitterfreienevolutiondre Ursprung der UCP1 vermittelten
Warmebildung und ihr Winterschlafverhalten Thermogenese konnte also bis jetzt noch nicht
untersucht. Dies fuhrte dazu, dass die Expressiaindeutig geklart werden.
von braunem Fett und die Fahigkeit zur
zitterfreien Warmebildung als Prarogativ der Ziel dieser Doktorarbeit war es die Bedeutung
eutherischen  S&augetiere diskutiert wurderdes braunen Fettgewebes, Uber seine anerkannte
(Cannon und Nedergaard 2004). Es soll ihnen diEunktion hinaus, in  S&augetieren  zu
Migration in kaltere holarktische Regionencharakterisieren. Besonders die Rolle von
ermoglicht  haben, einen experimentelleraktivem UCP1 wahrend des Aufwachvorgangs
Nachweis fur diese Hypothese gibt es bislanguf dem Torpor und in der Pravention von
nicht. Torpor und Winterschlaf konnten jedochreaktiven Sauerstoffradikalen wahrend der
mittlerweile auch bei phylogenetisch alterenzitterfreien Warmebildung standen im Fokus
Arten aus afrotropischen Regionen detektiertieser Arbeit. Um den evolutiondren Ursprung
werden (Dausmann et al. 2004, Mzilikazi andvon UCP1 und braunem Fett besser zu verstehen,
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wurden Studien an zwei Vertretern derwerden. War wirklich die Migration in kaltere,

phylogenetisch  urspriinglichen  Uberordnuncholarktische Regionen der Hauptgrund seiner
Afrotheria  durchgefiihrt.  Anhand  dieser Entstehung? Die vorliegende Arbeit ist in vier
Ergebnisse sollte ein neues Licht auf dieKapitel gegliedert, deren Inhalt im Folgenden
Evolution des braunen Fettgewebes geworfemusammengefasst wird.

KAPITEL 1: TORPOR PATTERNS, AROUSAL RATES, AND TEMPORAL
ORGANIZATION OF TORPOR ENTRY IN WILDTYPE AND UCP 1-ABLATED MICE

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

In eutherischen Saugetieren wird dem brauneden Torpor ein, wobei der Grad der Hypothermie
Fettgewebe eine essentielle Rolle fir da$l19.5-26.7°C) und Hypometabolie (5-22 sty
Erwarmen der Kérpertemperatur aus dem Torpol) zwischen beiden Genotypen vergleichbar war.
und dem Winterschlaf zugesprochen.Auch die UCP1-KO Mause konnten aus dem
Interessanterweise treten Torpor undTorpor aufwachen, jedoch zeigten sie, im
Winterschlaf auch bei Aalteren taxonomischeVergleich zu den Wildtypmausen, um 50%
Gruppen auf, die kein klassisches braunes Fattduzierte  Erwarmungsraten. Infolgedessen
besitzen und sich demzufolge nicht mittels UCPHauerte das Aufwachen aus dem Torpor bei
vermittelter Thermogenese aus dem Torpothnen signifikant [anger (39 min vs. 70 min) und
erwarmen kénnen, zum Beispiel bei Monotremerkostete 60% mehr Energie. Dadurch belegten
und Beuteltieren (Fig. 3D Introduction, Haywardmeine Daten eindeutig die Hypothese, dass
and Lisson 1992, Jastroch et al 2008, Nicol et akchnelles Erwarmen aus dem Torpor weniger
2008). Welchen evolutiondren Vorteil die kostenaufwendig ist als langsames (Stone and
Expression von braunem Fett und UCP1 fir daBurvis 1992, Mc Kechnie and Wolf 2004).
Torporverhalten einer Spezies hat, konnte jedocBowohl die Wildtypmause als auch die UCP1-
bislang nicht eindeutig geklart werden (LymanKO Mausen zeigten kein direktes Torporereignis
and O’Brian 1986, Stone and Purvis 1992)nach dem Absenken der Aul3entemperatur um
Diesen Sachverhalt nédher zu beleuchten, wa8:00 Uhr im Gegensatz zu den anderen drei
Ziel dieser Studie. Uhrzeiten. Dies deutet daraufhin, dass der
Dafir arbeitete ich mit Wildtyp- und UCP1- circadiane Beginn der nachtlichen
KO Mausen desselben genetischen Hintergrundsktivitdtsperiode nicht dberschrieben werden
(CL57/B6J, Enerback et al. 1997), wodurch ichkonnte und dass Torpor in Mausen an einen
den Effekt der UCP1-Expression auf dasltradianen Rhythmus gebunden ist.
Torporverhalten und die Aufwach- und Diese Studie belegte eindeutig, dass die
Aufheizraten aus dem Torpor innerhalbExpression von funktionalem braunem Fett ein
derselben Art untersuchen konnte. Mause zeigesthnelleres und  energetisch  ginstigeres
im Gegensatz zu dsungarischen Zwerghamsterufwachen aus dem Torpor erméglicht, dessen
(Phodopus sungordisoder Fettschwanzmakis Eintritt aber nicht beeinflusst. Phylogenetisch
(Microcebus murinds keinen obligatorischen é&ltere Arten, die kein funktionales braunes Fett
Torpor wahrend der Wintermonate. Bei ihnerexprimieren, greifen vermehrt auf exogene
handelt es sich um eine fakultative, Warmequellen (wie die Sonnenstrahlung)
physiologische Antwort, die durch Futterentzugwaéhrend des  Aufwachvorganges  zurlick
und Kalte im Labor induziert werden kann(Mzilikazi et al. 2002). Méglicherweise ist dies
(Hudson and Scott 1979, Webb et al. 1982ein Kompensationsmechanismus, der es ihnen
Swoap et al. 2006, Dikic et al. 2008). Um Torporerlaubt, auch ohne braunes Fett schnell und mit
auszulosen wurden die Versuchstiere bis zu 4&duzierten  Kosten aus dem  Torpor
Stunden gefastet und zu vier unterschiedlicheaufzuwachen.  Schlussfolgernd  war  die
Zeitpunkten (6:00, 12:00, 18:00, 24:00 Uhr)Expression von aktivem braunem Fettgewebe
wurde ihnen ein Kaltestimulus (30°C auf 18°C)vielleicht vorteilhaft fur das Torporverhalten in
zur Torporinduktion gegeben. Unerwartetemdrdlichen Breiten, aber nicht notwendige
Weise traten beide Gruppen bereits 20 MinuteWoraussetzung.
nach dem Umschalten der AuBentemperatur in
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KAPITEL 2: UNCOUPLING PROTEIN 1 DECREASES SUPEROXIDE PRODUCTION
IN BROWN ADIPOSE TISSUE MITOCHONDRIA

R. OELKRUG o M. KUTSCHKE
G. HELDMAIER oo C.W. MEYER
M. JASTROCH

Wie bereits erwahnt, katalysiert UCP1l dieAtmungskette und UCP1 konnten die Seiten der
Freisetzung der im  ProtonengradienterSuperoxidproduktion innerhalb der
gespeicherten Energie als Warme. UCP1Mitochondrien bestimmt werden. UCP1
defiziente Mause koénnen zwar in Kaltereduzierte die Superoxidproduktion an dgf |
Uberleben, haben jedoch eine deutlich erniedrigt8eite von Komplex | um ~40-50%, an der
Lebenserwartung im Vergleich zu Wildtypm&useGlycerol-3-Phosphatdehydrogenase um ~20%
des gleichen genetischen Hintergrunds, was diend an anderen Seiten, wie dem Q-Pool oder
Frage nach den Vorteilen der durch UCPIXKomplex I, um 50-70%. Durch
vermittelten Thermogenese aufwirft. Nach deiKalteakklimatisierung stieg die
Jiree radical theory of aging” kbnnte ein AnstiegProtonenumsatzrate in Wildtypmitochondrien
von schadlichen Sauerstoffradikalemegctive um 300% an. Bedingungen, unter denen die
oxygen speciefRROS) potentiell die Lebensdauer Superoxidproduktion ebenfalls ansteigen sollte.
eines Organismus einschranken (Harman 1956/eine Studie zeigte jedoch, dass UCP1 die
1972). Superoxide und reaktive Superoxidproduktion um bis zu 96% reduzierte.
Sauerstoffspezies entstehen primar durcBurch die Entkopplung der Atmungskette von
abspringende Elektronen an dender ATP-Synthese wurde vermutlich die
Atmungskomplexen der Mitochondrien, Wahrscheinlichkeit des Jeversen
mafgeblich an Komplex I, 1ll und der Glycerol- Elektronentransport* vermindert und somit die
3-Phosphatdehydrogenase. Durch Kalte steigeBuperoxidproduktion an Komplex | der
die oxidative Kapazitat und die Atmungskette reduziert. Interessanterweise war
Thermogeneseleistung des braunen Fettgewebdi® bei den  Wildtypen  beobachtete,
an, wodurch die Wahrscheinlichkeit einerkélteinduzierte Erhéhung der Substratoxidation
oxidativen Schadigung innerhalb der Zellein braunen Fettmitochondrien von UCP1-
zunehmen konnte. Durch die Generierung einedefizienten Mausen unterdrickt. Sie zeigten
Protonenlecks koénnte jedoch aktiviertes UCPZrniedrigte Superoxidproduktionsraten.
den Protonengradienten so reduzieren, dass ®gahrscheinlich ist dies ein Schutzmechanismus,
zwar zu einem erhohten Durchfluss vonder die Anreicherung von ROS im braunen
Elektronen Uber die Komplexe der Atmungskettd-ettgewebe von UCP1-defizienten Mausen
kommt, aber zu keinem erhtéhten Radikaldruckverhindern sollte.
Dieses sogenannte ,milde Entkoppeln* wird Meine Ergebnisse demonstrierten deutlich,
zurzeit intensiv und kontrovers in der Literaturdass das Entkoppeln der Atmungskette ein
diskutiert. Einige Studien beflrworten einephysiologisch relevanter Mechanismus ist, um
Funktion von UCPs bei der ROS Praventiorden oxidativen Stress im braunen Fett wahrend
(Echtay et al. 2002, Echtay et al. 2003), wahrender g-Oxidation (Thermogenese) zu reduzieren.
andere Studien speziell eine Rolle von UCP1 inks ist denkbar, dass in der Evolution eine
Schutz vor reaktiven Sauerstoffspezies ablehne®elektion fir die Implementierung von UCP1 als
(Silva et al. 2005, Shabalina 2006). Schutz vor ROS im braunen Fettgewebe
Zur weiteren Evaluierung einer mdoglichenstattfand. Untersttitzt wird diese Hypothese durch
Funktion von UCP1 in der ROS Praventiondie Entdeckung von urspringlichen UCP1
wurden Mitochondrien aus dem braunenOrthologen in Ektothermen (Jastroch et al.
Fettgewebe von warm (30°C) und kalt (5°C)2005), in denen eine primare Funktion von UCP1
akklimatisierten ~ Wildtyp- und UCP1-KO fir die endogene Warmebildung
Mausen isoliert und anschlieRend ihre Atmungsunwahrscheinlich ist.
und  Superoxidproduktionsraten in  vitro
bestimmt. Durch Zugabe von Modulatoren der
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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 o C.W. MEYER
G. HELDMAIER oo N. MZILIKAZI

Wie bereits oben erwéhnt, treten Torpor und di@usgepragte Fahigkeit, sich den energetisch
Expression von braunem Fettgewebe auch b&ibher werdenden Anforderungen wahrend der
phylogenetisch &lteren Saugetierordnungen déWintermonate  anzupassen. Sowohl  ihr
sudlichen Breiten auf (Mzilikazi and Lovegrove Basalstoffwechsel als auch ihre metabolische
2004, Mzilikazi et al. 2007). Demzufolge ist esAntwort auf einen Kaltestimulus waren im
wahrscheinlich, dass auch sie Formen dewinter im Vergleich zum Sommer gesenkt, was
zitterfreien ~ Warmebildung  waéahrend  derauf eine Verbesserung der Fellisolierung oder
saisonalen Anpassung an den Winter (adaptiveine Reduktion der Korpertemperatur wahrend
Thermogenese) oder wéhrend degler Wintermonate hindeutete. Beides fihrt zu
Aufwarmvorganges aus hypometabolen unatiner gesenkten Warmeabgabe (ber die
hypothermen Phasen nutzen. Um die FunktioKorperoberfliche und somit zu einer
des braunen Fettgewebes in phylogenetiscReduzierung der thermoregulatorischen Kosten.
alteren Arten aus afrotropischen Regionen bess&emerkenswerter Weise trat Torpor wahrend der
zu verstehen, beschéftigte ich mich in diesewWinter- und wahrend der Sommermonate auf,
Studie mit den thermoregulatorischendabei schienen nicht nur sinkende
Kapazitaten von Westlichen Klippen- AuBentemperaturen und ein  reduziertes
Elefantenspitzméusen aus Sudafrika. Basierendahrungsangebot ausschlagende Faktoren fir
auf meinen Hauptforschungsinteressen, deden Eintritt in den Torpor zu sein. Eine genauere
Bedeutung des braunen Fettgewebes iAnalyse der Daten ergab, dass Regen oder eine
Saugetieren (nicht nur in Eutheriern) und dererhéhte Luftfeuchtigkeit als physikalischer
evolutiondren Umstanden, die zu seinelStimulus fur den Eintritt in den Torpor eine
Entwicklung gefihrt haben, interessierte michwichtige Rolle spielten. Eine erhéhte Luftfeuchte

vor allem: zerstort die isolierende Luftschicht im Fell und
fuhrt dadurch zu einer erhéhten Warmeabgabe.

1) Wie  ausgepragt ist die  saisonaleDie daraus entstehenden, erhohten
metabolischen  Anpassung in  Artenthermoregulatorischen Kosten kdnnen durch
afrotropischer Regionen? spontanen Torpor gesenkt werden. Bislang hat

2) Wie weitverbreitet sind Formen der adaptivenur eine Studie von einem Zusammenhang
Thermogenese innerhalb der Uberordnungwischen Regen und Torpor berichtet (Kortner
Afrotheria? und Geiser 2000). Dieses Phanomen sollte in

nachfolgenden Studien weiter validiert werden.

In dieser Studie wurden Westliche Klippen- An den Winter adaptierte Tiere zeigten nicht
Elefantenspitzméauselephantulus rupestr)]sm  nur eine erhtéhte Torporfrequenz, sondern auch
Freiland (Gamkaberg Nature Reserveniedrigere minimale Korpertemperaturen
Oudtshoorn, Sidafrika) untersucht, so daséiiedrigste aufgezeichnete Korpertemperatur:
artifizielle Effekte einer Laborhaltung 11.9°C). Des Weiteren konnte die extreme
ausgeschlossen werden konnten. WestlichElexibilitat der Westlichen Klippen-
Klippen-Elefantenspitzmause  gehéren zuElefantenspitzmause wahrend de®usals aus
Uberordnung der Afrotheria. Sie sind idealedem Torpor beobachtet werden. Von Ostlichen
Kandidaten zur Untersuchung von saisonaleKlippen-Elefantenspitzmause  Elephantulus
metabolischen Anpassungen, da sie zu demyuru3 war  bislang bekannt, dass
kleinsten Vertretern der Afrotheria z&hlen und inElefantenspitzmiuse exogene Warmequellen
einem sehr saisonalen Habitat, mit RegerfSonnenbaden) nutzen um aus dem Torpor
wahrend der Wintermonate, leben (Fig. 4aufzuwachen (Mzilikazi and Lovegrove 2002).
Introduction). Die hier untersuchte Art nutzte jedoch meistens

Entgegen der Erwartungen zeigten diekdrpereigene Warmebildungsmechanismen um
untersuchten Elefantenspitzmause eine selaus dem Torpor zu erwachen und besonders
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ausgepragt war dieses Verhalten wahrend degird. Als Bestatigung meiner Hypothese zeigten
Winters. Ostliche Klippen-Elefantenspitzmausean den Winter adaptierte Tiere eine 1.8fach
leben in einem Habitat mit Regen wahrend dehthere Warmebildungskapazitat als an den
Sommermonate. Es wére denkbar, dass d®ommer adaptierte Tiere. Der eindeutige

harteren Bedingungen im Habitat vonNachweis dafir, dass adaptive Thermogenese ein
Westlichen Klippen-Elefantenspitzmausen zuweitverbreitetes  Charakteristikum in  der

einer Form der korpereigenen Warmebildungaisonalen Anpassung von afrotherischen
(adaptive  Thermogenese) wahrend  deBaugetieren ist. Darlber hinaus bestatigten
Wintermonate gefiihrt haben. weitere Analysen, dass ihre Fahigkeit zur

Zur weiteren Evaluation dieser Hypotheseadaptiven Thermogenese einen hohen Grad an
bestimmte ich die Kapazitat zur zitterfreienthermoregulatorischer  Plastizitat — aufweist;
Warmebildung von an den Sommer und an dewergleichbar mit den thermoregulatorischen

Winter adaptierter Elefantenspitzmause. ZuFahigkeiten eutherischer  Sdugetiere  der
Induktion der maximalen zitterfreien nordlichen Breiten. Ein evolutionares Szenario,
Warmebildung erhielten die Tiere eine Injektionin dem braunes Fett und adaptive Thermogenese
mit Noradrenalin, dem Neurotransmitter, derprimar zur Besiedlung holarktischer Regionen
vom  sympathischen  Nervensystem  zurentstanden sind, erscheint vor diesem
Aktivierung des braunen Fetts ausgeschuittatlintergrund sehr unwahrscheinlich.

BROWN FAT IN A "PROTOENDOTHERMIC ~ MAMMAL FUELS THE PARENTAL CARE MODEL
OF MAMMALIAN EVOLUTION

R. OELKRUG o N. GOETZE o C. EXNER
L. YANG o G.K. GANJAM oM. KUTSCHKE o S. MULLER o S. STOHR
M.H. TSCHOP o P.G. CRICHTON oo G. HELDMAIER oo M. JASTROCH
C.W. MEYER

Adaptive Thermogenese ist ein weitverbreitete¢Fig. 5 Introduction). Er lebt endemisch auf
Charakteristikum der saisonalen Anpassung/ladagaskar und ist der ideale Modellorganismus
afrotherischer Saugetiere und konnte bislanfei der Untersuchung einer direkten Verbindung
nicht in phylogenetisch urspriinglicheren Artenzwischen Endothermie und der Evolution von
wie zum Beispiel Beuteltieren, nachgewieservoll funktionalem braunem Fettgewebe.

werden. Es ist demnach wahrscheinlich, dasBie Korpertemperatur des kleinen Igeltenreks ist
innerhalb  der  Saugetierphylogenie  vollstark an die Umgebungstemperatur gekoppelt
funktionales braunes Fett das erste Mal bei demnd zeigt reptilien-dhnliche Verlaufe (Lovegrove
Afrotheriern auftrat. Demzufolge hat UCP1 seineand Genin 2008). Durchgéangig hohe (~32°C)
volle thermogenetische Funktion an einem PunkKodrpertemperaturen werden nur von Weibchen
nach der Transition der Beuteltiere entwickeltwéhrend Perioden der Reproduktion und der
Die urspriinglichste Form von ,modernem UCPlelterlichen Firsorge erreicht (Poppitt et al. 1994)
und braunem Fett* misste demnach innerhalBuch wenn kleine Igeltenreks Formen der
der Afrotheria zu finden sein. Es gibt eineendogenen Thermogenese nur sehr
Gruppe von Saugetieren, die zwischen daepportunistisch zu nutzen scheinen, konpse
Evolutionsstadium  fakultativ. ~ endothermeradrenerge Inhibierung die Aufwarmraten aus
Reptilien und endothermer Saugetieren gesteltem Torpor in vivo erniedrigten; der erste
werden kann. Diese sogenannterHinweis auf eine Rolle der zitterfreien
sprotoendothermen“ Saugetiere zeichnen sichWarmebildung beimarousal aus dem Torpor
durch eine sehr hohe Flexibilitdt in ihremund die mdgliche Expression von braunem
thermoregulatorischen  Verhalten und derFettgewebe. Bei der anschlieenden Praparation
fakultativen Nutzen von Ektothermie zurder Versuchstiere konnte braunes Fettgewebe
Energieeinsparung aus (Grigg et al. 2004)anatomisch nachgewiesen werden.
Braunes Fett konnte bei ihnen bislang nichtJngewdhnlicher Weise befanden sich die
nachgewiesen werden. Der kleine Igeltenrelgro3ten braunen Fettdepots in der Nahe der
(Echinops telfairj ist ein protoendothermes Gonaden, wohingegen sie sich bei Nagetieren im
Saugetier, das zur Uberordnung Afrotheria zahlHals-Nacken Bereich befinden. In diesen
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braunen Fettdepots konnte eine Rekrutierung déuvenilen Wachstums ist der effektivste Weg, um
oxidativen Kapazitat nach Kalteakklimatisationdie Fitness einer Art zu verbessern (Kozlowski
und ein hohes Protonenleck, das durch UCP1992). Die Theorie der elterlichen Fursorge
katalysiert wurde, nachgewiesen werdengreift eben diesen Aspekt auf und postuliert, dass
Weiteres bioenergetisches Profiling von Tenreles durch eine Verbesserung der Brutpflege
UCP1 ergab die gleiche thermogenetische Poterferhdhte Inkubationstemperatur, bessere
wie modernes Maus UCP1, unabhangig von deversorgung der Jungen) zur Evolution der
groRen phylogenetischen Distanz zwischen deBndothermie kam (Farmer 2000). Eine direkte
beiden UCP1 OrthologenDemnach besitzen Ursache fir die Evolution eines distinkten
auch primitive, protoendothermen S&ugetieréhermogenetischen Organs wie dem braunen Fett
voll funktionales braunes Fett. Sie nutzen es nuvurde in diesem Kontext jedoch noch nie
nicht zur dauerhaften Aufrechterhaltung einewuntersucht.

konstant hohen Korpertemperatur. Basierend auf meinen Daten entwickelten wir
Die Présenz von aktivem gonadalen braunerain neues Schema zur Evolution der
Fett und die erhohten Korpertemperaturerendothermie, in dem die vom braunen Fett
trachtiger Tenrekweibchen (Poppitt et al. 1994yermittelte zitterfreie Warmebildung zu einer
deuten daraufhin, dass braunes Fett beim kleinererbesserten Inkubation und Brutpflege des
Igeltenrek primar eine Rolle bei der Nachwuchses gefiihrt hat. Dies ermdglichte die
Jungaufzucht spielt. Meine Daten unterstitzeRadiation erster urspringlicher Eutherier und
dadurch ein evolutiondres Szenario, in denfilhrte zur Entstehung der ersten obligat
aktive Selektion Zu einer  erhohtenendothermen Saugetiere. Die weitere
Inkubationstemperatur des Fotus und sekund@&ntwicklung und funktionelle Spezialisierung
zu einer Erh6hung der Korpertemperatur gefuhrles  braunen  Fettgewebes, in  Richtung
hat. Dies ist eine Bekraftigung der elterlichenAufrechterhaltung einer  konstant  hohen
Fursorgen  Theorie der Evolution derKoérpertemperatur, fihrte erst dann zur
Endothermie garental care theory Farmer ErschlielBung weiterer ékologischer Nischen und
2000). Eine Reduzierung der Nachwuchszur Migration in holarktische Gebiete (Fig. 7
sterblichkeit und eine Beschleunigung desScope of the PhD-thesis).
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EIGENE BEITRAGE ZU VEROFFENTLICHTEN TEILEN
DER ARBEIT

Laut 88, Absatz 3 der Promotionsordnung der Prslippiversitat Marburg (Fassung vom 12.4.2000)
mussen bei den Teilen der Dissertation, die ausegeamer Forschungsarbeit entstanden sind, ,die
individuellen Leistungen des Doktoranden deutlibgranzbar und bewertbar sein.” Dies betrifft die
Kapitel 1-4 und die Liste der weiteren wissensdichfn Arbeiten. Die Beitrdge werden im
Folgenden detailliert erlautert.

KAPITEL 1: TORPOR PATTERNS, AROUSAL RATES, AND TEMPORAL ORGANIZATION OF
TORPOR ENTRY IN WILDTYPE AND UCP1-ABLATED MICE

e Durchfiuihrung aller Experimente

e Auswertung und statistische Analyse von allen Dab@nBeratung durch Dr. Carola Meyer
und Prof. Dr. Gerhard Heldmaier

* Anfertigung von 90% der Abbildungen, 10% wurden {m Carola Meyer erstellt

« Anfertigung des Manuskriptes in Zusammenarbeit Biit Carola Meyer und Prof. Dr.
Gerhard Heldmaier

Dieses Kapitel wurde in der vorliegenden Form an®42010 beirdOURNAL OF COMPARATIVE
PHYSIOLOGY B eingereicht und am 01.08.2010 online publiziert:

Oelkrug R., Heldmaier G. and Meyer C.W. (2011) Bomtterns, arousal rates, and
temporal organization of torpor entry in wildtypacaUCP1-ablated mice. J Comp
Physiol B 181: 137-145.

KAPITEL 2: UNCOUPLING PROTEIN 1 DECREASES SUPEROXIDE PRODUCTION
IN BROWN ADIPOSE TISSUE MITOCHONDRIA

e Durchfuihrung aller Experimente

* Auswertung und statistische Analyse von allen Dat@rBeratung durch Dr. Martin Jastroch,
Dr. Carola Meyer und Prof. Dr. Gerhard Heldmaier

< Anfertigung von allen Abbildungen

e Anfertigung des Manuskriptes in Zusammenarbeit Bt Martin Jastroch und Prof. Dr.
Gerhard Heldmaier

Dieses Kapitel wurde in der vorliegenden Form an032010 beimJOURNAL OF BIOLOGICAL
CHEMISTRY eingereicht und am 16.07.2010 publiziert.

Oelkrug R., Kutschke M., Meyer C.W., Heldmaier &l dastroch M. (2010) Uncoupling
protein 1 decreases production of reactive oxygeties in brown adipose tissue
mitochondria. J Biol Chem 289: 21961- 21968.
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KAPITEL 3: SEASONAL CHANGES IN THERMOGENESIS OF A FREE -RANGING
AFROTHERIAN SMALL MAMMAL , THE WESTERN ROCK
ELEPHANT SHREW (ELEPHANTULUS RUPESTRIS)

* Durchfiihrung von allen Freilandarbeiten und Experiten

* Implantation von 80% der Versuchstiere, die relséiit 20% wurden von M.sc. Stacey Hallam
operiert

e Auswertung und statistische Analyse von allen DaténhBeratung durch Dr. Nomakwezi
Mzilikazi, Dr. Carola Meyer und Prof. Dr. Gerhareldmaier

« Anfertigung von allen Abbildungen

e Anfertigung des Manuskriptes in Zusammenarbeit it Carola Meyer, Dr. Nomakwezi
Mzilikazi und Prof. Dr. Gerhard Heldmaier

Dieses Kapitel wurde in dieser Form am 07.08.20EImbJOURNAL OF COMPARATIVE
PHYSIOLOGY B eingereicht und am 12.02.2012 online publiziert.

Oelkrug R., Meyer C.W., Heldmaier G. and Mzilikdz(2012) Seasonal Changes in
Thermogenesis of a Free-ranging Afrotherian Smalhivhal, the Western rock elephant
shrew (Elephantulus rupestris). J Comp Physiol B711%-727.

KAPITEL 4: BROWN FAT IN A "PROTOENDOTHERMIC = MAMMAL FUELS THE
PARENTAL CARE MODEL OF MAMMALIAN EVOLUTION

e Durchfiihrung von 80% der Experimente

¢ In Zusammenarbeit durchgefiihrte Experimente:
Implantation der Versuchstiere: Dr. Cornelia Bxne
Atmungsmessungen an isolierten BAT-Mitochondrisc. Nadja Goetze

Western Blots: Sigrid Stohr und Saskia Muller
Herstellung vorinclusion bodiesDr. Lee Yang und Dr. Paul Crichton

e Auswertung und statistische Analyse von allen Dat@rBeratung durch Dr. Martin Jastroch
und Dr. Carola Meyer

* Anfertigung von allen Abbildungen

¢ Anfertigung des Manuskriptes in ZusammenarbeitnitMartin Jastroch, Dr. Carola Meyer

und Prof. Gerhard Heldmaier.

Dieses Kapitel wurde in der vorliegenden Form aml22012 beimJOURNAL OF NATURE
COMMUNICATIONS eingereicht und befindet sich derzeit unter Beghitang.
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WEITERE WISSENSCHAFTLICHE ARBEITEN

ADAPTIVE THERMOGENESIS AND THERMAL CONDUCTANCE IN WI LD-TYPE
AND UCP1-KO MICE..

« Implantation von Versuchstieren mit temperaturdessi Minimittern

Diese Arbeit wurde in der vorliegenden Form am 92010 im AMERICAN JOURNAL OF
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