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Summary
Brown fat or brown adipose tissue enables mammals to maintain their body
temperature via non-shivering thermogenesis. Brown adipocytes are the tissue’s
functional cell type and contain uncoupling protein 1 (UCP1) in their inner

mitochondrial membrane. This unique protein allows them to efficiently convert
energy from various substrates into heat.

During the past years, the mechanisms underlying brown adipocyte formation and

function attracted increasing scientific interest, mainly because functional brown

adipocytes were found in adult humans. If it was possible to induce non-shivering

thermogenesis pharmacologically, this could provide an efficient therapeutic
approach against obesity and related metabolic disorders. The human brown
adipocytes are located in patches within the energy-storing white adipose tissue

and, similarly, brite (brown-in-white) adipocytes can be found in white adipose
tissue of mice. The number of these cells increases during adaptation to colder
temperatures and decreases in the warmth. A highly argued theory of their

formation is that bidirectional transdifferentiation occurs, i.e. that white and brite

adipocytes can be converted directly into the opposed cell type. In order to test
this hypothesis in vivo, I generated novel transgenic mouse strains for labelling and

tracing of brown and brite adipocytes. Using these strains, the changes in certain

adipocyte populations were traced and the resulting cells further analysed. I could
show that transdifferentiation between brite and white adipocytes indeed occurs
in healthy adult mice during adaptation to changes in environmental temperature.

In contrast to humans, mice also possess an adipose tissue depot of pure brown
adipocytes, located between their shoulder blades and present throughout life

independent of environmental temperature. Many of the proteins that control
formation of these classical brown adipocytes are known, however our

understanding of the regulatory network is still incomplete. Using microarray data

of different fat depot cell populations and a small-scale screening set-up, I
discovered serum response factor (SRF) to be a negative regulator of brown
adipocyte differentiation. This inhibitory effect on brown adipogenesis, effective

on several different cell lines, can be controlled by its cofactor myocardin-related
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transcription factor A (MRTF-A). Interference with the SRF/MRTF-A signalling axis

thus might be an interesting approach for inducing thermogenic capacity
pharmacologically.

The best-characterised and most important protein that controls adipocyte

differentiation and function is peroxisome proliferator-activated receptor γ
(PPARγ). However, the critical role of this transcription factor in the maintenance

of brown adipocyte function in vivo is not yet understood. I generated transgenic

mice with a specific deletion of PPARγ solely in brown adipocytes and showed that
these cells unexpectedly survive without PPARγ. The loss of this protein does not
lead to any significant changes in whole body metabolism at room temperature.
During cold stimulation, however, it results in altered food intake, improved cold
tolerance and changes in overall nutrient usage, indicating that brown adipocytes
regulate central control mechanisms of metabolism. Therefore, brown adipose

tissue plays a role in cold adaptation beyond the heat generation through nonshivering thermogenesis.

The presented findings provide novel insights into the formation and function of

brown and brite adipocytes. They lead to a better understanding of how these cells

might be recruited to increase the capacity for non-shivering thermogenesis and in

which ways they can influence whole body metabolism. The results might
contribute to therapeutic approaches counteracting obesity by increasing energy
expenditure.
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Zusammenfassung
Braunes Fettgewebe ermöglicht es Säugetieren, ihre Körpertemperatur mittels
zitterfreier Thermogenese aufrechtzuerhalten. Als funktionalen Zelltyp enthält es
braune

Fettzellen, die Uncoupling protein 1 (UCP1) in ihrer inneren

Mitochondrienmembran besitzen. Dieses einzigartige Protein gestattet ihnen,
Energie aus verschiedenen Quellen effizient in Wärme umzuwandeln.

Während der letzten Jahre stieg das Interesse an den Mechanismen, die der

Bildung und Funktion von braunen Fettzellen zugrunde liegen, da funktionsfähige

braune Fettzellen in erwachsenen Menschen entdeckt wurden. Wenn es möglich

wäre, zitterfreie Thermogenese pharmakologisch herbeizuführen, könnte dies

einen neuen therapeutischen Ansatz im Kampf gegen Fettleibigkeit und damit
zusammenhängende Krankheiten ermöglichen. Die menschlichen braunen

Fettzellen befinden sich in kleinen Arealen inmitten des energie-speichernden

weißen Fettgewebes. Ähnlich dazu konnten „brite“ (brown-in-white = braun-inweiß) Fettzellen im weißen Fettgewebe von Mäusen beobachtet werden. Die

Anzahl dieser Zellen erhöht sich während der Anpassung an kältere Temperaturen
und verringert sich in der Wärme. Eine kontroverse Theorie zu ihrer Entstehung
ist die der wechselseitigen Transdifferenzierung, sprich dass „brite“ und weiße
Fettzellen sich direkt in den jeweils anderen Zelltyp umwandeln können. Um diese

Hypothese in vivo zu testen, habe ich neue transgene Mausstämme entwickelt, mit
denen sich braune und „brite“ Fettzellen spezifisch anfärben lassen. Mit Hilfe

dieser Mausstämme habe ich die Veränderungen in einer bestimmten FettzellPopulation verfolgen und die entstehenden Zellen weiter analysieren können. Ich

konnte zeigen, dass Transdifferenzierung zwischen „brite“ und weißen Fettzellen

in der Tat während der Anpassung an veränderte Umgebungstemperaturen in

gesunden erwachsenen Mäusen stattfindet.

Im Gegensatz zu Menschen besitzen Mäuse zusätzlich ein Fettdepot aus reinen
braunen Fettzellen zwischen ihren Schulterblättern, welches während der

gesamten Lebensdauer unabhängig von der Umgebungstemperatur vorhanden ist.
Viele der Proteine, die die Bildung dieser klassischen braunen Fettzellen
kontrollieren, sind bekannt, aber unser Verständnis dieses Prozesses ist noch
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unvollständig. Mittels Microarray-Daten verschiedener Zellpopulationen aus

unterschiedlichen Fettdepots und einer Analyse daraus gewonnener Kandidaten,
habe ich Serum Response Factor (SRF) als einen negativen Regulator der braunen
Differenzierung entdeckt. Der inhibierende Effekt auf braune Fettentstehung war

auf verschiedenen Zelllinien zu beobachten und kann durch den SRF-Cofaktor

Myocardin-related transcription factor A (MRTF-A) kontrolliert werden. Eine
Störung des SRF/MRTF-A Signalweges könnte daher ein interessanter Ansatz zur
pharmakologischen Erzeugung einer erhöhten Thermogenesekapazität sein.

Das wichtigste und am intensivsten studierte Protein, das die Differenzierung und

Funktion von Fettzellen kontrolliert, ist Peroxisome proliferator-activated

receptor γ (PPARγ). Allerdings ist die kritische Rolle dieses Transkriptionsfaktors
in der Funktionserhaltung brauner Fettzellen noch nicht vollständig aufgeklärt. Ich

habe transgene Mausstämme erzeugt, die kein funktionsfähiges PPARγ in braunen
Fettzellen

produzieren

können, und

konnte

zeigen, dass

diese

Zellen

überraschenderweise ohne PPARγ überleben. Der Verlust dieses Proteins führt zu
keinen

nennenswerten

Veränderungen

des

Gesamtstoffwechsels

bei

Raumtemperatur. Während einer Kältestimulation hingegen ergeben sich daraus
eine

veränderte Nahrungsaufnahme, eine verbesserte Kältetoleranz und

Veränderungen in der Nährstoffnutzung. Dies weist darauf hin, dass braune
Fettzellen eine Rolle in der Kälteanpassung spielen, die über die reine zitterfreie
Thermogenese hinausgeht.

Diese Erkenntnisse bieten neue Einsichten in die Bildung und Funktion von

braunen und “brite” Fettzellen. Sie führen zu einem besseren Verständnis davon,
wie diese Zellen erzeugt werden um die Kapazität für zitterfreie Thermogenese zu

erhöhen und in welcher Weise sie den Stoffwechsel des gesamten Organismus

beeinflussen können. Diese Ergebnisse könnten zu neuen therapeutischen
Ansätzen gegen Fettleibigkeit durch Steigerung des Energieumsatzes beitragen.
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1. General Introduction
1.1. Brown and White Adipose Tissue
The fat tissue of mammals can be functionally classified into two major types:
brown and white adipose tissue (BAT, WAT) 1. Each of these tissues’ mass

predominantly consists of one specialised fat cell type: brown or white adipocytes,

respectively. White adipocytes are primarily energy storage cells. They convert
excess calorie-rich nutrients into densely packed triacylglycerols that can be

degraded and released as fatty acids in case of a later energy shortage 2. In

addition, white adipocytes contribute to the metabolic homeostasis of the whole

organism through the release of various adipokines, including leptin and resistin,

and function as thermal insulators 3-7. Brown adipocytes on the other hand, do not
store lipids to provide fuel for other cells but primarily to dissipate them as heat 8-

10.

In addition to the stored triacylglycerols, they can also use alternative energy

sources like glucose as substrates

11, 12.

The direct conversion of chemical into

thermal energy is termed non-shivering thermogenesis and helps to maintain body
temperature under cold challenge 13.

The different functions of brown and white adipocytes are mirrored by their

cellular characteristics. Brown adipocytes are large cells with a diameter of

approximately 25-50 µm 14 and contain multiple small lipid droplets resulting in a

higher surface to volume ratio (Figure 1). This cellular morphology is termed

multilocular and facilitates rapid release of fatty acids from the stored

triacylglycerols. The cytoplasm of brown adipocytes is dense in mitochondria in
which both the β-oxidation of fatty acids as well as the dissipation of the extracted

energy as heat takes place. The inner mitochondrial membrane of brown
adipocytes contains considerable amounts of uncoupling protein 1 (UCP1), also
called thermogenin

15-17.

This protein is the crucial mediator of non-shivering

thermogenesis and exclusively expressed in brown adipocytes 18, 19. In contrast to

these cells, white adipocytes are larger, rounded cells 14 with their volume almost

completely filled with a single large lipid droplet, the morphology therefore named
unilocular. The thin rim of cytoplasm around the lipid droplet does not contain a
comparable amount of mitochondria (Figure 1).
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Figure 1

HE-stained tissue sections showing the morphology of classical brown
and white adipose tissue. Schematic representations of the cellular
composition of mature brown and white adipocytes are depicted next to
the respective tissue section. Typical properties are listed below. Size
bar = 100 µm.

Deactivation of the Ucp1 gene in mice does not result in a lethal phenotype.
However, UCP1-deficient animals are cold-sensitive and develop obesity when
kept at a thermoneutral temperature of around 30°C

20, 21.

Similarly, transgenic

ablation of all UCP1-expressing cells by expression of diphtheria toxin subunit A
(DT-A) under the Ucp1 promoter also leads to the development of obesity 22. This

suggests that non-shivering thermogenesis is not only implicated in the response
to cold but also plays a role in the maintenance of metabolic health.

1.2. Localisation of Brown and White Adipocytes
In adult humans and rodents, WAT is the major fat type. It is only shortly after

birth that adipose tissue is almost exclusively composed of BAT 23. This reflects the

high need for thermogenesis when the surface to volume ratio of the organism is

high leading to faster heat loss and the possibility of heat-generation by physical
activity or shivering is still limited. In mice, BAT persists throughout the life-span

of the animal at least in the interscapular depot 24. In humans, it was believed that

WAT completely replaces BAT during childhood with no functional brown
adipocytes remaining in healthy adult individuals 25.
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However, during recent years it became clear that a significant percentage of the
adult human population still possesses functional brown adipocytes

26

interspersed within predominantly white fat depots 27-32. Brown adipocytes can be

detected non-invasively by their substantial uptake of the labelled glucose
analogue

18F-fluorodesoxyglucose

(18F-FDG) in positron emission tomography /

computed tomography (PET-CT) measurements

32.

The cells are most often found

in cervical and paravertebral areas (Figure 2 A). Estimates of the proportion of the

population showing detectable brown adipocyte activity still vary immensely from
study to study 33 but are certainly high enough to consider it a typical physiological

trait. Prospective studies focusing on healthy, young adults detected active BAT in
up to 96% of their respective cohort 27, 34. Several studies detected a gender bias

with females showing higher prevalence of detectable BAT and a bias towards
more likely detection in winter

35, 36.

Using PET/CT measurements with different

labelled tracers it was shown that human brown adipose tissue contributes an
important part of the increased energy expenditure following acute cold exposure
by metabolising both lipids and carbohydrates 37.

The discovery of cells with all the characteristics of brown adipocytes interspersed

in white fat depots in humans has led to an increased interest in the corresponding

cells in animal models like mice. As mentioned above, mice possess a depot of BAT
in the interscapular area at any given age (Figure 2 B) but they also harbour cells
with the characteristics of brown adipocytes in various WAT depots. These cells
have been named brown-like 38, brite (brown-in-white)

39,

recruitable 40 or beige 41

adipocytes and will be called brite adipocytes hereafter. Although they have not
been functionally studied as isolated cells, all available data suggests that their
function is identical to that of classical brown adipocytes

42,

providing non-

shivering thermogenesis to maintain body temperature. The abundance of brite
adipocytes strongly depends on the genetic background of the mice whereas the

variation in classical brown adipose tissue is less pronounced

43.

Like in humans,

where brown adipocytes can be detected less often in older patients, less brite
adipocytes are observed in aged mice 44. Additionally, recent evidence based on the

expression of certain markers suggests that brite adipocytes from mice are more
similar to the ones found in humans than classical brown adipocytes 45, 46.
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Figure 2
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Localisation of brown and white adipose tissue in mouse and human.
A) Adipose tissue depots in adult and brown adipose tissue depots in
newborn humans. Adult depots are listed as brown when glucose tracer
uptake can be detected by PET/CT. B) Dissected adipose tissue depots of
an adult mouse maintained at warm ambient temperature with kidneys
for orientation. Depots are listed as brown when predominantly
composed of brown adipocytes (based on figures in Cinti, 2005 1 and
Gesta et al., 2007 47).

Several fat depots show a high plasticity when an animal has to adapt to a colder

environmental temperature. This temperature adaptation is mediated by a) an

activation of pre-existing brown adipocytes, b) the formation of additional brown
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adipocytes in classical BAT depots, and c) the recruitment of additional brite
adipocytes in WAT depots 48-52.

1.3. Non-shivering Thermogenesis
UCP1 is a transmembrane protein of the inner mitochondrial membrane

53,

like

most of the complexes of the respiratory chain. The complexes I-IV establish a

proton gradient over this membrane, thereby generating an electrochemical

potential that the F OF1-ATPase uses to synthesise ATP. Similar to the FOF1-ATPase,

UCP1 can also transport protons down the concentration gradient but does not
convert the stored energy into any other kind of chemical or potential energy 54-57,
dissipating it as thermal energy. Mechanistically, UCP1 is not a classical cation

channel forming a gated transmembrane pore. Recent data indicates that it
functions as a fatty acid shuttling protein that can transport both protonated and
deprotonated head groups across the lipid bilayer 55. As the hydrophobic tail of a

fatty acid can remain anchored within the UCP1 protein, the resulting net

transport is a proton flux across the membrane down the electrochemical gradient
(Figure 3).

Figure 3

Mechanism of heat dissipation by UCP1 in the inner mitochondrial
membrane. The protein releases the energy that is stored in the protein
gradient established by the respiratory chain complexes by bypassing
the F O F 1 -ATPase.
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Even without cold stimulation, brown adipocytes express a basal level of UCP1 that

does not result in non-shivering thermogenesis because the protein is not
constitutively active due to complex allosteric regulation. Binding of long chain
fatty acids (LCFAs) is a prerequisite for its activation and also participates in the

reversal of the otherwise dominant inhibition by Mg2+-free purine nucleotides like

ATP 55, 57, 58 (Figure 3).

Uncoupling protein homologues can be found in most eukaryotic species, including

unicellular organisms. While mammals express four paralogous proteins (UCP2-5)
with less restricted tissue expression profiles, none of them are functionally
redundant to UCP1. UCP2 and UCP3 are mainly implicated in the prevention of

reactive oxygen species (ROS) formation in mitochondria, while the primary
function of UCP4 and UCP5 remains unclear

been suggested

60, 61,

59.

Although other mechanisms have

UCP1-mediated mitochondrial uncoupling in brown

adipocytes is the major if not exclusive mechanism of mammalian non-shivering
thermogenesis 62, 63. Other than in vertebrates, UCP1 orthologues have been found
in amphibians and fish but not birds

64-66,

indicating that the gene developed in a

common ancestor of these species and was genomically deleted in part of the
evolving lineages.

1.4. Induction of Brown Adipcoyte Activity
The physiological activation of non-shivering thermogenesis in mature brown

adipocytes is mediated by catecholamines. They are released from the sympathetic

nervous system when the hypothalamus senses a decreased body temperature 67,

68.

In addition, other cell types might contribute to increased catecholamine levels

in BAT and contribute to thermogenesis 69. Accordingly, tumours of catecholaminesecreting cell types (phaeochromocytoma) lead to an accumulation of cells with a
brown adipocyte phenotype 70.

The binding of norepinephrine (noradrenaline) to β-adrenergic receptors
(especially β 3) of brown adipocytes

9, 71, 72

leads to Gα s –mediated activation of an

adenylate cyclase, which causes a rise in cyclic AMP (cAMP) levels

73, 74.

This in

turn activates protein kinase A (PKA), which controls many important target
proteins. The crucial substrates for the induction of lipolysis are considered to be
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hormone-sensitive lipase (HSL) and perilipin 1

7
75-78.

HSL phosphorylation is

necessary for its recruitment to the surface of lipid droplets while phosphorylation

of perilipin triggers its association with HSL and is a prerequisite for lipolytic
activity

79.

The adipose triglyceride lipase (ATGL) that catalyses the release of the

first fatty acid from triaclyglycerols is not regulated by PKA

77.

However, the lipid

droplet enriched protein comparative gene identification-58 (CGI-58), which is

sequestered by perilipin 1 on the surface of the lipid droplet in unstimulated cells,
is released into the cytoplasm upon PKA-mediated phoshporylation. This allows
CGI-58 to bind to and subsequently activate ATGL

80.

The active lipases lead to a

high intracellular concentration of free fatty acids. These constitute both the

allosteric activators of UCP1 as well as substrates for the oxidative metabolism
required for non-shivering thermogenesis (Figure 4).

In addition to the recruitment of endogenous lipid stores, activation of brown

adipocytes also leads to a rapid clearance of triacylglycerol-rich lipoproteins from
the blood. This process is based on the activity of lipoprotein lipase (LPL) at the
plasma membrane and the fatty acid receptor CD36 81.

In addition to fueling non-shivering thermogenesis with fatty acids via β-oxidation,
brown adipocytes can also utilise carbohydrates 12. The cells express the complete

enzyme set for glycogen metabolism and both human and murine brown
adipocytes have been shown to possess intracellular glycogen stores 82-84 but their

importance under physiological conditions remains unclear. Active brown
adipocytes also take up large amounts of glucose for their size, to some extent via a

norepinephrine-induced increase in glucose transporter 1 (GLUT1) levels. In
contrast to this, GLUT4 is highly expressed in brown adipocytes but cold
stimulation does not significantly increase GLUT4 protein levels 85, 86.

Thyroid hormones can have a potentiating effect on norepinephrine-stimulated
non-shivering thermogenesis. Brown adipocytes express substantial levels of

deiodinase 2 (Dio2) to convert thyroxine (T4) into the more potent

triiodothyronine (T3)

87.

However, the magnitude of regulation differs strongly

even among different rodent species 88.

8

General Introduction:
Adipocyte Differentiation

Figure 4

Mechanism of activation of non-shivering thermogenesis by adrenergic
stimulation of brown adipocytes. The binding of noradrenaline to
β-adrenergic receptors leads to a signalling cascade that culminates in
the release of free fatty acids from the stored triacylglycerols in the lipid
droplets. These fatty acids subsequently activate UCP1 in the
mitochondria.

1.5. Adipocyte Differentiation
In vitro, the differentiation process of precursor cells committed to an adipocyte

fate can be induced by a cocktail of several compounds that differs according to the

used cell line. However, it often either contains insulin, dexamethasone and
isobutylmethylxanthine

(IBMX)

thiazolidendione (TZD) family

89, 90.

or

a

synthetic

PPARγ

ligand

of

the

91, 92.

Upon

Preadipocytes usually undergo differentiation

only after leaving exponential growth phase due to space restrictions

chemical induction, several different signalling pathways culminate in the
induction of the transcription factor CCAAT/enhancer-binding proteins β
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(C/EBPβ)
binding

93

9

(Figure 5). These include the activation of cAMP responsive element-

protein

(CREB) by elevated

phosphodiesterase inhibitor) treatment

cAMP levels
94,

following

IBMX (a

signalling via the JAK/STAT3

pathway 95, 96 and a transcriptional complex of Krüppel-like factor 4 (KLF4) and
Krox20 97.

Figure 5

Scheme depicting extra- and intracellular cues for differentiation of
brown and white preadipocytes to mature adipocytes. The major
stimulating and inhibitory factors are displayed, most of them
influencing the central regulators of the C/EBP family and PPARγ.
Extracellular cues (orange), intracellular regulators (blue).

C/EBPβ can induce increased expression of peroxisome proliferator-activated
receptor γ (PPARγ), the master regulator of both brown and white adipocyte

10

differentiation
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98-100,

as well as C/EBPα

101.

Several other transcription factors

including retinoid X receptor (RXR), C/EBPδ, the glucocorticoid receptor (GR) and
signal transducer and activator of transcription 5A (STAT5A) participate in the
transcriptional activation of PPARγ

102, 103.

mutually induce each other’s activation

95

Furthermore, C/EBPα and PPARγ can
and control the expression profile of

mature adipocytes (Figure 5). Many genes of triacylglycerol and cholesterol

metabolism, mitochondrial regulation, adipokine production and lipid transport
are directly regulated by PPARγ 101, 104, 105.

Preadipocytes require several days to form the first lipid droplets and between

7-14 days to reach the phenotype of a cell mostly filled with triacylglycerols.
Notably, cell culture models of white adipogenesis do not reach the state of a

unilocular cell type (containing only one lipid droplet) that is observed in vivo but
acquire the multilocular (several smaller lipid droplets) phenotype typical of
brown adipocytes in vivo 106, 107.

Despite this similarity, there are clear differences between brown and white

preadipocytes and their respective differentiation processes. Firstly, primary cells
of the stromal-vascular fraction (SVF) of brown or white fat depots give rise to the
respective mature adipocyte phenotype when differentiated in vitro under
identical conditions

108.

This indicates intrinsic differences between the two

lineages already at the preadipocyte stage. Secondly, brown adipogenesis normally
requires additional stimuli for full differentiation. In cell culture models, T3 is often
used but chronic treatment of cells with thiazolidenediones also can result in a
brown adipocyte phenotype 39, 106, 107.

Within the last few years, several factors have been identified that preferentially
drive or inhibit brown adipogenesis. The transcription factor PR domain
containing 16 (PRDM16) can form a complex with C/EBPβ, shifting the gene

expression profile towards a brown adipocyte phenotype. Its overexpression in

preadipocytes or differentiated white adipocytes activates a thermogenic program
including the expression of UCP1

109-111.

The PPARγ coactivator 1α (PGC1α) is a

BAT-enriched interactor of PPARγ and implied in the maintenance of brown
adipocyte function 112, 113.
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Members of the protein family of bone morphogenetic proteins (BMPs) have also

been linked with either a white or a brown adipocyte fate. While BMP2 and BMP4
were shown to drive white adipogenesis

adipocyte phenotype

116, 117

114, 115,

BMP7 drives cells into a brown

(Figure 5). In addition, several microRNAs have

recently been implicated in the regulation of brown versus white adipogenesis 118,

119.

Although the positive regulation of brown adipocyte differentiation by T3 was

established decades ago, the exact signalling mechanism driving its effects has not
been elucidated 120-122.

1.6. Developmental Origin of Adipocytes
Both brown and white adipocytes are considered to be derived from mesenchymal
stem cells and thus from the mesoderm, although the neural crest being derived
from the ectoderm could contribute to their formation

47, 123.

This means that

adipocytes are derived from a similar lineage as osteoblasts, myoblasts and

chondrocytes. Various studies have attempted the molecular defining of a specific
preadipocyte cell type that retains the capacity of self-renewal but can give rise
only to either brown or white adipocytes

108, 124-126.

However, no widely agreed

characterisation of such a cell type has been established to date.

For several reasons it was believed that brown and white adipocytes are derived

from a very closely related developmental lineage if not the same precursor cell.
After all, both are fat-storing cells and their differentiation process is remarkably
similar. The transcription factors involved in establishing the mature adipocyte
phenotype are similar, the most crucial one being PPARγ.

Regarding their developmental origin however, brown and white adipocytes in

vivo are less related than originally thought. Classical brown adipocytes in the

interscapular depot are derived from a Myf5-positive precursor and thus a
myogenic cell lineage 127. The lineage of most white adipocytes diverged before the

expression of Myf5 and, interestingly, brite adipocytes also seem to be derived
predominantly from Myf5-negative precursor cells

127.

However, closer analyses

indicated that brown and white adipocytes are derived from both lineages in vivo,
indicating that the definition of the differences between brown and white lineages
and precursors is yet incomplete 128. This also implies that white adipocytes can be

12

General Introduction:
Adipocyte Transdifferentiation

further divided into subpopulations. Such a distinction might contribute to the fact
that different WAT depots have a different impact on metabolic health. A fat tissue
distribution containing more subcutaneous fat usually bears a lower risk of

developing metabolic disorders like type II diabetes compared to visceral fat
accumulation

129, 130.

A simplified model of the developmental origins of the

different adipocyte types is depicted in Figure 6.

1.7. Adipocyte Transdifferentiation
Transdifferentiation is the interconversion of a mature somatic cell into a different
somatic cell type without prior return to an undifferentiated state 131. The idea of a
reversible transdifferentiation process between adipocytes of a brown and white

phenotype dates back to the time when one preadipocyte was expected to give rise

to both adipocyte cell types 132. This intriguingly simple hypothesis was challenged

when it became clear that classical brown and white adipocytes are derived from a
different lineage. As a further complication, there is now accumulating evidence

that classical brown and brite adipocytes are not the exact same cell phenotype,

neither developmentally nor in terms of their gene expression profile although all
data suggests that they serve the same primary purpose (i.e. non-shivering
thermogenesis) 45, 46, 133.

The rather obesity-prone mouse strain C57BL/6 used throughout this study
possesses both pure brown (e.g. interscapular), pure white (e.g. epididymal) as

well as predominantly white (e.g. inguinal) adipose depots

134.

The inguinal

(posterior subcutaneous) adipose depot constitutes the best studied and due to its
size probably the most important adipose tissue site capable of recruiting brite

adipocytes

133.

Its concentration of brite adipocytes increases (britening) in cold

and decreases (whitening) in a warm environment

135.

There are two possible

mechanisms to explain this adipose tissue plasticity. One possibility is that
britening and whitening occur through reversible transdifferentiation of mature
adipocytes

136.

The alternative is differentiation of brite cells from a specific

precursor population present in WAT 45 (Figure 6). However, the two mechanisms

are not mutually exclusive and could complement each other.
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The theory of reversible transdifferentiation of mature adipocytes is supported by
several indications. In vitro, a brownish phenotype can be induced in white

adipocyte cultures by several stimuli like chronic stimulation with PPARγ agonists

or overexpression of PRDM16 39, 137. In vivo, the total number of adipocytes within
a fat depot stays approximately constant during britening and most newly formed
brite adipocytes are not derived from mitotic events

138, 139.

This argued against

differentiation of brite cells from a proliferating precursor pool. Furthermore, cells

with an intermediate phenotype between brown and white adipocyte, i.e.
containing one major lipid droplet and several smaller, were observed during
britening 136. Combined, these studies hint at a major contribution of

transdifferentiation to adipose tissue plasticity during temperature adaptations.

Figure 6

Current model of brown and white adipocyte compared to skeletal
muscle lineages and putative mechanisms of brite adipocyte formation:
differentiation from brite preadipocytes or transdifferentiation of
mature white adipocytes.
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On the other hand, recent studies reported distinct precursor populations within
predominantly WAT depots that can give rise to brite adipocytes. They describe

cellular subpopulations that can yield either brite or white adipocytes depending
on stimulus

140

or preferentially lead to brown/brite adipocytes

45, 141.

These

findings argue against transdifferentiation, however, most of the cellular

descriptions are based on cell culture experiments that might not reflect the in vivo
situation. To date, one genetic tracing study using a simple cell tracing approach

analysed the replacement of the almost exclusively brown adipose tissue directly

after birth by predominantly white adipose tissue 142. It showed that different WAT

depots were not derived by transdifferentiation from pre-natal classical BAT, in

line with the later findings of differing developmental lineages. However, the lack
of advanced genetic tracing studies so far has precluded in vivo validation of the

involvement of transdifferentiation in adipose tissue plasticity of adult mice,
especially in the highly dynamic adipose tissue depots showing britening and
whitening during temperature adaptation 134.

1.8. Therapeutic Potential
Obesity is a worldwide epidemic affecting several hundred million adult
humans 143-145. It constitutes a major risk factor for a series of metabolic disorders

including high blood pressure, cardiovascular disease, atherosclerosis and type II
diabetes, often collectively referred to as the metabolic syndrome 144,

146.

Furthermore, an increased body mass index (BMI) is also associated with other

severe complications like fatty liver disease, renal failure or several types of
cancer 147, 148. As weight gain is governed by the difference between energy intake

and energy output, strategies against obesity can focus either on limiting the

caloric input or increasing the energy consumption by stimulating basal

metabolism, physical exercise or other means. The chemical uncoupler

2,4-dinitrophenol (DNP), which performs the same function as UCP1 in a less

controlled manner, was popular in the 1930’s as a weight reduction
pharmaceutical and proves that mitochondrial uncoupling leads to a decreased
metabolic efficiency and to a loss of fat mass in humans 149. However, the drug was

General Introduction:
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discontinued after 5 years due to a very narrow therapeutic window and
accumulating data about severe side effects 150.

The discovery of functional brown adipocytes in adult human fat depots led to the

hypothesis that pharmaceutical induction of brown adipocyte formation and
activation could be an elegant and efficient way to combat obesity

27, 29, 42.

The

insight that human brown adipose tissue is responsible for a substantial part of

energy expenditure during acute cold exposure further underpins its potential 37.

Notably, the BMI and body fat content of adult humans was shown to be inversely
correlated with brown adipose tissue 27.

The fact that both UCP1 knockout and brown adipocyte deletion can lead to the

onset of obesity in mice, adds further support to the idea that non-shivering

thermogenesis in BAT has important metabolic functions. Using mice as model
organisms, both studies on pure classical brown adipocyte depots like the

interscapular as well as highly dynamic tissues like the inguinal fat depots

undergoing strong britening in the cold are possible 24, 49. Although the underlying

regulatory mechanisms and the way of recruitment especially of brite adipocytes
are only incompletely understood, several factors that can increase brown/brite
adipocyte number or activity have already been identified.

Inhibiting cyclooxygenase-2 (COX-2), a crucial enzyme in prostaglandin synthesis,
reduces the formation of brite adipocytes in WAT, whereas stimulated COX-2
activity leads to increased britening

151.

Fibroblast growth factor 21 (FGF21) is a

circulating regulator of several metabolic processes that is predominantly
produced by the liver but also by activated BAT. It can induce non-shivering
thermogenesis in neonates

152

and recruitment of brite adipocytes in WAT 153. A

muscle-derived circulating hormone called irisin was recently reported to be
increased during physical exercise and stimulate UCP1 expression as well as the

formation of novel brite adipocytes 154. The natriuretic peptides ANP and BNP can
also induce brown adipocyte-typical gene expression and britening in cultured
human white adipocytes. A similar effect is also observed on mouse WAT after

deletion of a natriuretic peptide (NP) clearance receptor that blocks NP effects on
adipocytes in wildtype mice 155.
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To date, none of these factors have been shown to have an effect on human

metabolic health in vivo but could lead to novel pharmaceuticals in the future.
Similarly, a deeper understanding of the mechanisms underlying brown/brite
adipocyte formation and activation will reveal additional signalling pathways or

effector molecules as potential targets for efficient induction of non-shivering
thermogenesis. They thus provide new therapeutic approaches to reduce the
prevalence of obesity and limit the onset of its associated disorders.

Objectives
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2. Objectives
Increasing non-shivering thermogenesis is one of the most promising potential
therapies against obesity and the metabolic syndrome. The work presented here is
aimed at gaining a better understanding of the formation and maintenance of brite
and classical brown adipocytes.

One of the most interesting questions that arose in the more recent studies of brite
adipocytes is whether or not a direct interconversion of a white adipocyte

phenotype into a brown adipocyte phenotype and vice versa can take place, in vivo.

If bidirectional transdifferentiation between those two cell types is a physiological

temperature adaptation mechanism in adult mammals, it might be an excellent
starting point for the therapeutic formation of lipid-burning cells from lipidstoring cells. The first aim of this work was to test the hypothesis of mature

adipocyte transdifferentiation, in vivo. To this end, I established novel transgenic
mouse lines for visualisation and tracing of brite and classical brown adipocytes

(section 4.2). With these novel tools, I planned to characterise the time frame of
brite adipocyte formation and disappearance and to prove or disprove the
contribution of adipocyte transdifferentiation in these processes (section 5).

The differentiation of brown adipocytes from a precursor cell involves a plethora
of regulatory systems, especially on the transcriptional level by the interaction of

many transcription factors and cofactors. Many important but surely not all
interactors involved are known and especially factors that drive brown over white

adipogenesis need further characterisation. The second aim of this work was to set
up (section 4.1) and perform a screen identifying effectors of brown adipogenesis,
to confirm a promising candidate and further analyse its effects on brown

adipocyte formation. Shortlisted candidates for screening were selected from
microarray data of adipose tissue cell populations and the selected candidate was

to be characterised regarding its effect on brown adipocyte differentiation and
possibly transdifferentiation (section 6).
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The most important transcriptional regulator of brown adipocyte differentiation is
PPARγ, which also plays a crucial role in both mature brown and white adipocyte
function and homeostasis. However, to date no data is available on the effects of a
specific PPARγ loss in mature brown adipocytes in vivo. The third aim of the

presented work was to elucidate the role of PPARγ in maintaining brown adipose

tissue function. I used a transgenic approach for specific deletion of PPARγ in
mature adipocytes to assess the effects of this temporally and spatially controlled
knockout on BAT as well as whole body metabolism (section 7).
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3. Material and Methods
3.1. Chemicals
Unless stated otherwise or listed in Table 1, chemicals were obtained from Sigma-

Aldrich Switzerland.
Product

Manufacturer

CCG-1423

Cayman Chemical

chow diet

Kliba

DMEM

Invitrogen

FBS

Gibco

LD540

provided by Ch. Thiele

Lipofectamine RNAiMAX

Invitrogen

PBS

Gibco

Pen/Strep

Gibco

SuperFrost slides

Thermo Scientific

Syto60

Invitrogen

Tam400-CreER tamoxifen diet

Harlan

Trizol

Invitrogen

Vectashield HardSet

VectorLabs

Table 1

Material

3.2. Primary Antibodies
Antigen

Manufacturer

Clone

Conjugate

Reactivity

Used
Dilution

UCP1

Abcam

ab10983

---

mouse,
human, rat

1:1000

UCP1

Pierce

PAI-24894

---

mouse,
human, rat

1:500

GAPDH

Abcam

ab36840

---

mouse

1:5000

FABP4

gift from L.
Hauner

mouse,
human

1:500

SRF

Cell Signalling

mouse,
human, rat

1:1000

Table 2

Antibodies

#5147

---
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3.3. Oligonucleotides
Name

Sequence

bpA-frt-neo-frt PCR pNNCre
for

ATCCCGGGCCATCCATCACACTGGCGGC

bpA-frt-neo-frt PCR pNNCre
rev

TACCCGGGGCGCGCCGCGACATTTTGAA

DTR-GFP BAC recombination
for

GTCCTTTTGTTCTTGCACTCACGCCTCTCTGCCCTCCAAGCCAGG
ATGAAGCTGCTGCCGTCGGTGGTGC

DTR-GFP BAC recombination
rev

CAGCATAGAAGCCCAATGATGTTCAGTATCTCTTCCTCCAAGTTG
CGGGCGCGCCGCGACATTTTGAAG

Ucp1-CreER BAC
recombination for

GTCCTTTTGTTCTTGCACTCACGCCTCTCTGCCCTCCAAGCCAGG
ATGGGCGCCACGAGTGATGAGGTTC

Ucp1-CreER BAC
recombination rev

TCCCAGCATAGAAGCCCAATGATGTTCAGTATCTCTTCCTCCAAG
TTGCCGCGCCGCGACATTTTGAAG

Table 3

Cloning Primers

Strain

Genotype

Forward

Ucp1-GFP

transgenic

ACGTAAACGGCCACA TGCTCAGGTAGTGGT
AGTTC
TGTCG

Ucp1-CreER

transgenic

CATTTGGGCCAGCTA
AACAT

CCCGGCAAAACAGGT
AGTTA

B6;SJL-Tg(ACTFLPe)
9205Dym/J

transgenic

CACTGATATTGTAAG
TAGTTTGC

CTAGTGCGAAGTAGT
GATCAGG

ROSA26-tdRFP

transgenic

AAGGGAGCTGCAGT
GGAGTA

AAGACCGCGAAGAGT
TTGTCC

ROSA26-tdRFP

wildtype

TAAGCCTGCCCAGAA
GACTCC

AAGGGAGCTGCAGT
GGAGTA

PPARgfl/fl

wt/floxed

GTGACCCCATGCCTTT GACCCAGCTCTACAA
GATGCACA
CAGGC

SRFfl/fl

wt/floxed

TGCTTACTGGAAAGC
TCATGG

Table 4

Genotyping primers

Reverse

TGCTGGTTTGGCATC
AACT
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Target

Forward

Reverse

36B4

GCCGTGATGCCCAGGGAAGA

CATCTGCTTGGAGCCCACGTT

Ucp1

GGGCATTCAGAGGCAAATCAGCTT ACACTGCCACACCTCCAGTCATTA

Cidea

ACTTCCTCGGCTGTCTCAATGTCA

TCAGCAGATTCCTTAACACGGCCT

Cox7a1

CAGCGTCATGGTCAGTCTGT

AGAAAACCGTGTGGCAGAGA

Pparg

AGGCGAGGGCGATCTTGACAG

AATTCGGATGGCCACCTCTTTG

Fabp4

ACAAGCTGGTGGTGGAATGTG

CCTTTGGCTCATGCCCTTT

Vnn1

GGGGGTCAATTTCCTAGCAG

TTGGGTCTTCCTGTCGTAGT

Sucnr1

CAGCAGAATGGCACAGAATTT

GTAGCCAAACACCACAGTGA

Sncg

GAGGAGGCTGAAAACATCGT

CTTTGGCTTCTTGGTCCTGT

Slc6a13

CATGATCTGCATTCCTGCCT

CTGGCGAAGTCTCTCTCTGA

Serpine1

CCAACAAGAGCCAATCACAAG

GGATTCTCGGAGGGGTAAAG

Retn

CTGTCCAGTCTATCCTTGCACAC

CAGAAGGCACAGCAGTCTTGA

Phgdh

TACCACAGGCTTGCTGAATG

TCCTCGAGCACAGTTCACTA

Nnat

CACCCACTTTCGGAACCAT

TTCGAAAAGCGAATCCTACCC

Lep

CAGGATCAATGACATTTCACACA

GCTGGTGAGGACCTGTTGAT

Ifi27l2a

TCCTATGCTCTGCTGCTACC

GCCAGAGCTCCTCCTATGG

Glb1l2

CCGTGCATACATGCCTTACA

CCATCTTTGTTGTCCGAGGT

Bmp3

CCCAAGTCATTTGATGCTTTCT

GCGTGATTTGATGGTTTCAAAG

Adcy5

CATCTCTCTGCACACCAACT

TGCAGGAGAAGATGAGGACA

Tbx1

GGCAGGCAGACGAATGTTC

TTGTCATCTACGGGCACAAAG

Tmem26

ACCCTGTCATCCCACAGAG

TGTTTGGTGGAGTCCTAAGGTC

Cd137

CGTGCAGAACTCCTGTGATAAC

GTCCACCTATGCTGGAGAAGG

Srf

GGCGCTACACGACCTTCAGCAAG

GTCTCACTGGCCACCAGCAACAG

Mkl (MRTF-A)

TGCGCACAGGCATGAGACTGAAT

TCCAGCAGAGTCATGACGGAGGAG

Pparg2

GCATGGTGCCTTCGCTGA

TGGCATCTCTGTGTCAACCATG

Cpt1a

GACTCCGCTCGCTCATTC

AAGGCCACAGCTTGGTGA

Ppara

TACTTAGGAAGCTGTCCGGG

TTGTCCCCACATATTCGACAC

Table 5

Primers for SYBR Green RT-qPCR

Target

Forward

Reverse

RFP

CCAAGCTGAAGGTGA
CCAAG

CTTCACGTACGCCTTG TGCCCTTCGCCTGGG
GAG
ACATCCTGTC

Table 6

Primers and probe for TaqMan qPCR

Probe
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Name

Sequence

shSRF for

CCGGGGAAGACGGGCATCATGAAGACGAATCTTCATGATGCCCGTCTTCCTTTTTG

shSRF rev

AATTCAAAAAGGAAGACGGGCATCATGAAGATTCGTCTTCATGATGCCCGTCTTCC

shSCR for

CCGGCCTAAGGTTAAGTCGCCCTCGCGAACGAGGGCGACTTAACCTTAGGTTTTTG

shSCR rev

AATTCAAAAACCTAAGGTTAAGTCGCCCTCGTTCGCGAGGGCGACTTAACCTTAGG

AdGFP

GTCGACAAGCTTGCCACCATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGT
GCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGG
CGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCAC
CGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAG
TGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGC
CCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGA
CCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAG
GGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTAC
AACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAAC
TTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAG
CAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCA
CCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGG
AGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGTAGTACC
CTTATGACGTGCCCGATTACGCTTGACTCGAG

AdSRF

GTCGACAAGCTTGCCACCATGTTACCGAGCCAAGCTGGGGCCGCGGCGGCTCTGGGC
CGGGGCTCGGCCCTGGGGGGCAACCTGAACCGGACCCCGACGGGGCGGCCGGGCG
GCGGCGGCGGGACTCGCGGGGCGAACGGGGGCCGGGTCCCCGGGAACGGCGCGGG
GCTCGGCCAGAGTCGTCTGGAGCGGGAGGCTGCAGCGGCAGCGGCGCCCACCGCCG
GGGCCCTCTACAGCGGCAGCGAGGGCGACTCCGAGTCCGGCGAGGAGGAGGAGCT
GGGCGCCGAGCGGCGCGGCCTCAAGCGGAGCCTGAGCGAGATGGAGCTCGGCGTG
GTGGTCGGTGGGCCTGAGGCGGCGGCGGCGGCCGCCGGGGGCTACGGGCCGGTGA
GCGGCGCGGTGAGCGGGGCCAAGCCGGGGAAGAAGACCCGGGGCCGCGTGAAGAT
CAAGATGGAGTTCATCGACAACAAGCTGCGGCGCTACACGACCTTCAGCAAGAGGAA
GACGGGCATCATGAAGAAGGCCTATGAGCTGTCCACGCTGACAGGGACACAGGTGCT
GTTGCTGGTGGCCAGTGAGACAGGCCATGTGTATACCTTTGCCACCCGCAAACTGCA
GCCCATGATCACCAGTGAGACCGGCAAGGCGCTGATTCAGACCTGCCTCAACTCGCCA
GACTCTCCGCCCCGCTCAGACCCCACCACAGACCAGAGAATGAGTGCCACTGGCTTTG
AAGAGCCAGATCTCACCTACCAGGTGTCGGAATCTGACAGCAGTGGGGAAACCAAGG
ACACACTGAAGCCAGCATTCACAGTCACCAACCTGCCGGGTACCACCTCCACAATCCA
GACAGCACCCAGCACCTCTACCACCATGCAAGTCAGCAGCGGCCCCTCCTTCCCCATC
ACCAACTACCTGGCACCAGTGTCTGCTAGTGTCAGCCCCAGCGCTGTCAGCAGTGCCA
ACGGGACTGTGCTCAAGAGTACAGGCAGCGGCCCTGTCTCCTCTGGGGGCCTTATGC
AGCTGCCTACCAGCTTCACCCTCATGCCTGGTGGGGCAGTGGCCCAGCAGGTCCCTGT
GCAGGCCATTCATGTGCACCAGGCCCCACAGCAAGCGTCTCCCTCTCGTGACAGCAGC
ACAGACCTCACGCAGACCTCCTCCAGCGGGACAGTGACGTTGCCCGCCACCATCATGA
CGTCGTCTGTACCCACAACTGTGGGTGGCCACATGATGTACCCTAGTCCCCATGCAGT
GATGTATGCCCCCACCTCAGGCCTGGCTGATGGCAGCCTCACCGTGCTCAATGCCTTC
TCTCAGGCACCATCCACCATGCAGGTGTCCCACAGCCAGGTCCAGGAGCCAGGTGGT
GTCCCTCAGGTGTTCCTGACAGCACCGTCTGGGACCGTGCAGATCCCTGTCTCTGCAG
TTCAGCTTCACCAGATGGCTGTGATAGGGCAGCAAGCTGGGAGCAGCAGCAACCTCA
CCGAGCTACAGGTGGTGAACCTGGATGCCACCCACAGCACCAAGAGTGAATACCCTT
ATGACGTGCCCGATTACGCTTGACTCGAG

Table 7

Sequences for viral constructs
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Target

siRNA pools

SRF

GAGUAUUAGCUGACCCGAU
UUGAGGAGAUGACGUGAAA
GAUGAUCUGCUGACGUUUA
GCACAGUGUUCCCGUCCGA

Myocardin

GUGGUAAACACCCGAGGUA
CAUUUAACAUUCCGAGAAA
GAUGGAUUCUUCCGUGAAA
GGAAAGCACGAUACCGGAA

MRTF-A, MAL, MKL

GCACAUGGAUGAUCUGUUU
GGUCAGCUCUUGUAACAGC
GCUGCGUCCUGCUGUCUAA
GGACCGAGGACUAUUUGAA

MRTF-B

CAAAUAGCACCACCUGUAU
CAGUUUAUCUGCCAGCUUA
AAACACAGUUCUUCAGUAU
GAGAUUUCCUUCCCAAUAA

Elk-1

ACCAAAGGGUGCAGGAAUG
GGGAUGGUGGUGAGUUCAA
CCAAGGUGGCUUAGCACGA
GGAAUGAAUACAUGCGCUC

Elk-3, Net, Sap-2

CUUAGGACCUCUUCGGAAC
UGAGAUACUAUUACGACAA
UCAAGAAAGUGAUCGGGCA
CAGAACAGAUGACGGAUGA

Elk-4, Sap-1

UGCGAUACUACUACGUAAA
GCCAAGACCUCUAGUCGCA
UAGAGAAUCCAGCGGAAAA
GAGCCAACACCGUCCGUCA

non-targeting

Dharmacon proprietary sequences

Table 8

siRNAs

Genomic Status Oligonucleotide

Sequence

unrecombined

forward

GCTCGCGGTTGAGGACAAACTCTT

reverse

TTGTTCAATGGCCGATCCCATGGC

template

CCACAGCTCGCGGTTGAGGACAAACTCTTCGCGGTCTT
TCCAGTGGGGATCGACGGTATCGATAAGCTTACCGGT
CGGCCGCATAACTTCGTATAATGTATGCTATACGAAGT
TATTAAGAATTCATCTGTGCCGCCATGGGATCGGCCAT
TGAACAAGATGG

24

Material and Methods:
Instruments and Software

Genomic Status Oligonucleotide

Sequence

recombined

forward

CAGCTCGCGGTTGAGGACAAACTC

reverse

CGCTAGCTTGGCTGGACGTAAACTC

template

TTCCACAGCTCGCGGTTGAGGACAAACTCTTCGCGGTC
TTTCCAGTGGGGATCGACGGTATCGATAAGCTTACCGG
TCGGCCGCATAACTTCGTATAATGTATGCTATACGAAG
TTATTAGGTCTGAAGAGGAGTTTACGTCCAGCCAAGCT
AGCGCTGGA

Table 9

Primers and templates for recombination analysis

3.4. Instruments and Software
Product

Manufacturer

Step One Plus

Applied Biosystems

Viia7

Applied Biosystems

Phenomaster

TSE Systems

SP2 AOBS

Leica

T3000 PCR

Biometra

LAS 4000 mini

GE

Temp 10T

Oakton

STP120

Microm

Hyrax M55

Zeiss

Axioscope A.1

Zeiss

Contour Glucometer

Bayer

Table 10 Instruments

Product

Manufacturer

Excel 2008

Microsoft

Word 2008

Microsoft

Endnote X3 for Mac

Thomson Reuters

Prism 5.0b

GraphPad Software

Phenomaster

TSE Systems

FlowJo

Tree Star

Harmony

PerkinElmer

Table 11 Software Programs
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3.5. Animal Procedures
3.5.1. Mouse Strains
C57BL/6N wild-type mice for experiments and breeding of transgenic lines were

obtained from Charles River. ROSA26-tdRFP mice have been described before 156.

B6.129-Srftm1Ddg/J (hereafter called SRFfl/fl)
158

157

and B6;SJL-Tg(ACTFLPe)9205Dym/J

were purchased from the Jackson Labs. The novel mouse strains created in the

context of the presented work (Ucp1-CreER, Ucp1-GFP) are described in
section 4.2. The mouse strain containing a floxed locus of PPARγ (PPARγfl/fl) was

created in the labs of Pierre Chambon 159 and kindly provided by Manfred Kopf.
3.5.2. Animal Husbandry

Animals were kept on an inverted 12 h light cycle (beginning of dark phase at 7.00
am), fed ad libitum chow diet. Animals were kept at 23°C housing temperature

when not under cold stimulation. Genetically modified animals were genotyped

after weaning according to standard protocols with the primers listed in Table 4.

For tissue sampling, animals were euthanised singly in a carbon dioxide

atmosphere. Popliteal lymph nodes were carefully removed from inguinal depots

for analyses of gene expression, cellular separations and genomic recombination.

Unless stated otherwise, all experiments were performed with young adult (6-9
weeks) male mice.

All animal procedures were approved by national and institutional guidelines.
3.5.3. Cold Stimulation

For the 1-week stimulation at 8°C, animals were housed in type II cages with 2
animals per cage, 30 g of bedding and one plastic house in a custom-made
temperature controlled Phenomaster system at an air flow of 0.5 l/min. After

acclimatisation at 23°C, influx air temperature was lowered to 8°C for 7 days. Reacclimatisation to 23°C was performed in the same cages in normal housing rooms.

Non-stimulated littermate control animals were also housed in pairs in identical
cages at 23°C during the stimulation period.
3.5.4. Induction of Recombination

Tamoxifen induction of Cre activity was performed by gavaging the mice 5 times

with 200 µl 10 mg/ml tamoxifen (Sigma) in sun flower oil (Denner) when kept at
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23°C. For induction during cold stimulation, custom-made tamoxifen chow food

(Tam400, Harlan) was fed for 10 days, starting 3 days before the onset of cold
stimulation, to minimise disturbances for the animals during the cold phase.

3.6. Preparation of Adipocyte and Stromal-Vascular Fractions
For cellular separation, dissected adipose tissues were minced with a scalpel blade

and incubated in 2.0 ml 0.2% collagenase type II in collagenase buffer (25 mM
KHCO 3 , 12 mM KH 2 PO 4 , 1.2 mM MgSO 4 , 4.8 mM KCl, 120 NaCl, 1.2 mM CaCl 2 , 5
mM glucose, 2.5% BSA, 1% Pen/Strep, pH 7.4) rocking for 50 min at 37°C with

occasional resuspension. 10 ml centrifugation buffer (70% PBS, 15% FCS, 15%
HistoPaque 1119) were added and samples centrifuged 5 min at 200 g. The

adipocyte fraction was removed from the top and filtered through 100 µm cell
strainers (BD). Filters were washed with 10 ml centrifugation buffer and sample

centrifuged as above. The adipocyte fraction was transferred to a 1.7 ml tube, spun
2 min at 200 g and buffer removed from below the adipocytes with a 40 mm 20 G
needle. Samples were lysed in Trizol, flash-frozen and stored at -80°C.

The SVF pellet from the initial centrifugation was aspirated, resuspended in 2 ml
erythrocyte lysis buffer (154 mM NH 4 lC, 10 mM KHCO 3 , 0.1 mM EDTA, pH 7.4) and

incubated for 4 min. After addition of 2 ml centrifugation buffer, samples were

filtered through 40 µm cell strainers. Filters were rinsed with 8 ml buffer and

samples centrifuged for 5 min at 200 g. Aspirated pellets were lysed in Trizol,
flash-frozen and stored at -80°C.

3.7. Flow-Cytometric Separation of Mature Adipocytes
Adipocyte preparations of one type of adipose tissue pooled from 2-4 mice per

sample were obtained as described in section 3.6 with the following differences.
After collagenase treatment, the adipocyte fraction was carefully transferred to a

new 15 ml tube using shortened 1000 µl pipette tips. 10 ml of FACS buffer (5%

FBS, 1% Pen/Strep, PBS) were added, the tube inverted twice and spun 5 min at
200 g. The adipocyte fraction was filtered through a 100 µm cell strainer (BD

Biosciences) and the filter was washed with 12 ml FACS buffer. After transferring

to a 15 ml tube, three additional washing and centrifugation steps with 10 ml FACS
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buffer each were performed. The final cell fraction was transferred to a 5 ml FACS
tube, filled up to 3 ml with FACS buffer and stored on wet ice.

Cells were counterstained with 7-AAD before analysis and sorting. Cell sorting of

adipocytes was performed using an Aria III high speed sorter (Becton Dickinson).
A nozzle of 130 µm diameter, sheath pressure of 10 psi and a standard 4 way
purity mask as described in the sorter manual was used during all sorts. 200 –

5000 living cells per cell group were harvested in lysis buffer of the RNeasy Plus

Micro Kit (Qiagen) and flash-frozen on dry ice. Typical scatter plots and histograms

of the inguinal adipocyte fraction of cold-stimulated Ucp1-CreER x ROSA26-tdRFP
mice are depicted in Figure 7.

Figure 7

Gating strategy for adipocyte sortings by flow cytometry. Adipocyte
fraction of inguinal adipose tissue after cold stimulation was
fractionated. A) Scatter-based gating for adipocyte properties. B) Typical
histogram of RFP+ and RFP- populations, C-D) selection of 7-AAD
negative populations in RFP- (C) and RFP+ (D) populations.
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3.8. Physiological Analyses
3.8.1. Body Temperature
Core body temperature of adult mice was determined by rectal temperature
measurements using a Temp10T rodent thermometer (Oakton). Mice were
restrained for measurement and measurements of at least 10 s were performed to
obtain stable values.

3.8.2. RER, Activity and Food Intake

For measurements of respiratory quotient (respiratory exchange ratio, RER),
locomotor activity of the animals as well as food and water intake, a metabolic cage
system was used (Phenomaster, TSE Systems). The RER is defined as the ratio of

exhaled carbondioxide and inhaled oxygen as a measure of the predominant fuel
source of catabolic metabolism. A value of 1.00 indicates full oxidation of

carbohydrates as carbon source, a value of 0.70 results from the burning of lipids.
Locomotor activity of the animals was determined by infrared measurements of

the animal’s position and calculation of its movements from the changes in
position. Standard settings according to the manufacturer’s instructions were

used. Mice were fed ad libitum chow diet and water and consumption was
determined during a full 24 h light cycle after the animals could acclimatise to the

cage and/or temperature for 24 h.
3.8.3. Blood Parameters

Whole blood was sampled and adjusted to approximately 5 mM EDTA. Samples

were incubated for 10 min at room temperature and centrifuged 5 min 300 g.
Supernatant was flash-frozen in liquid nitrogen. Free fatty acid concentration was

determined with the NEFA-HR kit (Wako) according to the manufacturer’s
instructions. To estimate triacylglycerol and cholesterol concentration, Trig/GB

and Chol kits (both Roche) were used according to the manufacturer’s instructions.

Blood glucose levels were determined using Contour glucometers (Bayer).

3.9. Paraffin Sections
Adipose tissues were excised, placed in embedding cassettes and stored in cold

PBS. Samples were fixated in 4% paraformaldehyde (Sigma) in PBS (Gibco) at
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room temperature. Processing was performed according to the standard protocol
in a STP 120 (Microm), samples were embedded in paraffin and cut into 5 µm thin
sections on a Hyrax M55 (Zeiss). Sections were de-paraffinised and stained with

hematoxylin and eosin on a Varistain 24-4 (Shandon) before mounting and drying.
Images were obtained with an Axioscope A.1 (Zeiss). Analysis of lipid droplet sizes
in paraffin sections was performed using CellProfiler

160.

For each time point 20

pictures were analysed from 4 individual mice. Approximately 2000-5000 lipid
droplet objects per mouse were used for the computation of lipid droplet size.

3.10. Tissue Culture
3.10.1. Cell Lines
Immortalised preadipocyte cell lines derived from the stromal-vascular fraction of
either interscapular brown, inguinal or epididymal white adipose tissue of

newborn or young mice were established and provided by Dr. N. Perwitz and Prof.
J. Klein (Universität Lübeck) according to standard protocols

107, 137.

Cells were

cultured in high glucose (5 mM) DMEM containing 20% FCS and 1% Pen/Strep. All
lines were maintained below confluency by splitting every 2-3 days.
3.10.2. Differentiation and Stimulation

To induce adipogenic differentiation, the cells lines were grown to confluence on

collagen-coated tissue culture plates and maintained for 2 additional days.

Immortalised brown preadipocytes were induced by stimulation with 115 µg/ml
IBMX, 1 µM dexamethasone, 20 nM insulin, 125 µM indomethacin and 1 nM T3 in

full medium. After 24 h the medium was exchanged for full medium plus 20 nM
insulin and 1 nM T 3 . Cells were maintained in this medium until sampling for

analysis. For white adipogenesis, the cells were induced for 48 h in full medium

containing the same adipogenic cocktail without indomethacin and T 3 . Full
medium containing 20 nM insulin was provided for the remaining time of the

differentiation process. To stimulate UCP1 expression for final read-out, the cells
were incubated in full medium with 1 µM isoproterenol for 8 h before fixation or
lysis.
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3.10.3. siRNA-mediated Knockdown
For siRNA-mediated knockdown, Dharmacon smartPOOL on-target PLUS RNA
pools were used for reverse transfection. 3 pmol of siRNA were incubated for

20 min in 1.5% Lipofectamine RNAiMAX in 20 µl OptiMEM. Subsequently, they

were mixed with 12,500 cells in 80 µl full growth medium and plated on collagen-

coated 96well plates. siRNA-containing medium was replaced by full growth

medium 24 h hours post lipofection. The sequences of the used siRNAs are listed in
Table 8.

3.10.4. Viral Constructs and Transduction

Adenoviral shRNA constructs were obtained by synthesising the respective

oligonucleotide sequences into pENTR-U6 followed by homologous recombination
into the pAd-BlockIt-DEST (all Invitrogen) according to the manufacturer’s
instructions. The final constructs were linearised with PacI and purified. After

transfection in HEK293A cells using Lipofectamine 2000, virus was harvested

10 days post infection. Crude virus lysate was used to re-infect further HEK293A
cells and final harvested virus was purified by column purification (Virapur). For

adenoviral over-expression viruses, the respective genes were synthesised
(HiGene Molecular Biotech) with a C-terminal HA-tag and cloned into pENTR_CMV

(M. Montminy) with HindIII and XhoI. They were recombined into the same pAdBlockIT-DEST destination vector to obtain comparable transduction rates.
Concentration of active virus particles was determined by a plaque assay as

recommended by the virus purification manual. The used oligonucleotides and
gene sequences for cloning are listed in Table 7.

For viral transduction of preadipocytes, 1.25 · 106 pfu of virus in 50 µl OptiMEM

with 1% Lipofectamine2000 were incubated for 30 min. The mixture was

combined with 50 µl of cells at 12,500 cells/µl and added to a 96well. 4 h post
transduction virus-containing medium was replaced by full growth medium.
3.10.5. Staining of Cultured Cells

For determination of brown and white adipocyte differentiation, cells were first
washed in PBS twice for 5 min and fixated in 4% paraformaldehyde in PBS for

15 min. After an additional PBS washing step, the cells were incubated in the
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following staining cocktail for 20 min: 2 µM Hoechst, 100 ng/µl LD540, 5 µM
Syto60 in PBS. After two PBS washing steps, the cells were covered light-protected
and stored at 4°C for microscopical analysis.

After analysing the first staining, an additional UCP1 immunohistochemical
staining was performed. The samples were further permeabilised and fixed by
incubating them in pre-cooled 5% acetic acid in ethanol for 10 min at -20°C. Cells
were washed in PBS at room temperature twice and blocked/permeabilised for

90 min in blocking buffer (0.05% Triton X-100, 5% BSA, in PBS). Primary UCP1

antibody (Pierce) was incubated 1:500 over night, washed, and an Alexa488coupled secondary was incubated for 1 h. After counterstaining with Hoechst, the

samples were washed three times in PBS and covered light-protected and stored
for image-based analysis.

3.11. Gene Expression Analysis
3.11.1. RNA Extraction and Purification
Total RNA was extracted from primary tissues or cells using Trizol reagent
(Invitrogen) according to the manufacturer’s instructions. Potential DNA
contaminations were removed using DNase I (NEB) according to the

manufacturer’s instructions. For preparation of mRNA and synthesis of cDNA from
cultured cells, MACS separation columns and MultiMACS mRNA module (Miltenyi)
were used according to the manufacturer’s instructions.
3.11.2. RT and Quantitative PCR

Reverse transcription was performed using the High Capacity cDNA Reverse

transcription kit (Applied Biosystems) with 200-2000 ng of RNA for primary cell
preparations or whole tissue preparations. The mRNA from culture cells was

reverse transcribed with the MultiMACS cDNA module (Miltenyi) directly
subsequent to mRNA isolation.

Quantitative PCR (qPCR) was performed using the Fast SYBR Green qPCR
Mastermix with 250 µM of primer concentration or Fast TaqMan qPCR Mastermix

(both Applied Biosystems) with 250 µM of primer and 150 µM of probe
concentration. The ΔΔC t method was used if primers were validated for robust and
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high efficiency. Otherwise, standard curves for exact determination of PCR

efficiency were measured and used to calculate relative quantities. Relative mRNA
levels were normalised to the level of 36B4. Primer and probe sequences are listed
in Table 5 and Table 6.
3.11.3. Microarrays

For microarray analyses, RNA preparations were checked for RNA integrity and

purity on Bioanalyser RNA nano chips. In case of adipocyte or SVF preparations,

600 ng of total RNA per sample were labelled with the Microarray Quick Amp

Labeling Kit (Agilent) according to the manufacturer’s instructions. RNA samples

of whole adipose tissue were labelled as a service provided by the Functional
Genomics Center Zurich (FGCZ). Hybridisation to 4x44k whole mouse microarrays
(Agilent), measurements and processing of raw data were provided by the FGCZ.

3.12. Protein Expression Analysis
3.12.1. SDS-PAGE and Western Blotting
Protein amounts were assessed using the DC Protein Assay (Bio-Rad). 10-40 µg of
protein were separated on a discontinuous mini gel SDS-PAGE system (Bio-Rad) or
SE600 (Hoefer) gel electrophoresis unit. Proteins were transferred to

Nitrocellulose membranes via wet transfer in mini gel transfer chambers (Bio-Rad)
or via semi-dry transfer in a TransBlot SD (BioRad) system. Western Blotting was
carried out following standard procedures and chemoluminescence signals were

detected by an LAS 4000 mini ImageQuant system (GE Healthcare). Primary
antibodies are listed in Table 2. Appropriate goat antibodies coupled to
horseradish peroxidase (Invitrogen) were used for detection.
3.12.2. UCP1 Staining on Tissue Sections

Semi-thin cryosections (50 µM) of fixated, cryopreserved, shock-frozen whole
adipose tissue were mounted on SuperFrost glass slides. The samples were

permeabilised and blocked in 1% Triton X-100, 10% normal goat serum (NGS) in

PBS over-night. Primary UCP1 antibody (Pierce) was incubated in 0.05% Triton,
2% NGS in PBS at a dilution of 1:300 over-night at 4°C. Slides were washed three

times in 0.05% Triton in PBS. Fluorophore-coupled goat anti-rabbit secondary
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antibody (Invitrogen) was incubated in 0.05% Triton, 2% NGS in PBS for 1 h at
room temperature. After three additional wash steps, the slides were mounted in
Vectashield HardSet + DAPI (Vector Labs) and covered. After hardening, the
samples were sealed with nail polish and stored in the dark at 4°C before image
acquisition.

3.13. Recombination Rate Analysis
To assess the percentage of cells that underwent Cre-mediated genomic

recombination following tamoxifen induction of recombinase activity, the Cretransgenic mouse strain was crossed with the ROSA26-tdRFP line. Tissues were
sampled in order to analyse the number of genome copies that did not undergo

removal of the floxed STOP cassette and the number of genome copies that did.

Genomic DNA was prepared with the PureLink 96 genomic DNA purification kit
(Invitrogen) according to the manufacturer’s instructions. Absolute quantification

of the number of recombined and unrecombined genome copies was performed by

qPCR. Absolute standard curves were prepared from synthesised 150 bp oligos,
using the sequence of the first genomic loxP site before and after Cre-mediated
genomic recombination.

Reactions were performed with approximately 20 ng of DNA, 300 nM of primers

and 1x Platinum SYBR Green qPCR SuperMix-UDG (Applied Biosystems).
Sequences of primers as well as the HPLC-purified templates used for

quantification are listed in Table 9. Figure 8 depicts the mechanism of the Cremediated recombination of the ROSA-tdRFP locus and the primer binding sites.

Figure 8

Scheme depicting genomic modification of ROSA26-tdRFP mice by Cre
recombinase and primer binding sites used for quantification of
recombination.
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3.14. Statistical Analysis
Unless specified otherwise, two-sided unpaired student’s T test was used to
compare sample groups. Asterisks depict the following α levels:

*

P < 0.050

***

P < 0.001

**

n.s.

P < 0.010

P > 0.050, not significant
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4. Method Development
4.1. HTP-compatible Differentiation Assay
A deeper understanding of the molecular mechanisms of adipogenesis, i.e. the

differentiation of new adipocytes from precursor cells, necessitates the

identification of novel factors that control this process. For the experiments

presented in chapter 6 as well as ongoing large-scale screens (not described here),
I established an image-based assay for the differentiation of brown adipocytes, in

vitro. The used cell line is described in chapter 3.10.1 and was derived from the

stromal-vascular fraction (SVF) of interscapular BAT of newborn C57BL/6 mice

that were immortalised via SV40 largeT expression. Thermogenic activity was

stimulated at the end of the differentiation process by β-adrenergic treatment of
the cells with isoproterenol.

The optimal end point for analysis was determined by qPCR analysis of the

expression of key adipocyte markers during the differentiation process. Figure 9

depicts that after approximately 4 days Pparg expression reached its maximum.
Ucp1 expression only started to increase at that point and reaches plateau levels in

unstimulated cells after approximately 8 days of differentiation. The maximal

isoproterenol-stimulated levels even started to decline after this time point. Cidea
strongly increased from day 3 to 8. Thus, 7-8 days after the induction of

differentiation can be considered the optimal end point to allow for good signal
strengths.

To establish an assay read-out that can be automated in a 96well format, neither

RT-qPCR nor Western blotting of the respective samples is optimal. The former is

time- and cost-intensive while the latter cannot be performed in a multi-well

format. ELISA or RIA detecting UCP1 or other adipocyte markers was possible but
lacks the single-cell level of detection that a microscopy-based read-out can

provide. Therefore, an image-based read-out was chosen. Its crucial bottleneck
was acquisition time as a regular PC can provide analysis of the pictures, so a high
content screening microscope such as the PerkinElmer Operetta used in this case
was necessary for acquiring pictures for large-scale screens.
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Figure 9
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Expression profiles of Pparg (A), Cidea (B) and Ucp1 (C) during in vitro
brown adipocyte differentiation with or without an 8 h isoproterenol
stimulation prior to sampling. Mean ± SD of n = 4.

Three parameters were to be determined for quantification of the differentiation

process: firstly, the cell number, secondly, the number of lipid droplet-containing
cells and, thirdly, the number of UCP1-positive cells. The cell number is the

number of nuclei determined by Hoechst staining and can provide indications of a

change in proliferation. Lipid droplets were visualised by the lipid dye LD540 and
a cell was considered a mature adipocyte if more than 30% of the cell’s
cytoplasmic area was lipid-positive. The total cell area was stained by the rather

unspecific nucleic acid dye Syto60. Finally, an immunofluorescent staining

detecting the UCP1 protein allowed the quantification of the expression of this
functional marker on a cell-to-cell basis. The optimised staining protocols are
described in 3.10.3 and typical images shown in Figure 10. Analysis programs for

automated online analysis of the obtained pictures were set up with the Harmony
acquisition software package using the criteria listed above.
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Figure 10 Fluorescence images for quantification of brown adipocyte
differentiation A-D) Acquired images: A) Hoechst-stained nuclei
B) Syto60-stained
cell
areas
C)
LD540-stained
lipids
D) Immunohistochemically stained UCP1. E-H) Steps of automated
analysis: E) Nuclei identification, F) Definition of cell areas, G) Selection
of lipid-positive and lipid-negative areas, H) Selection of the nuclei of
UCP1-positive cells

Due to the dense cell layers and thus overlapping cell areas, the visual
quantification was less sensitive under strong adipogenic conditions. Under these

conditions, most cells contained lipid droplets and identification of the remaining

negative cells was increasingly difficult. A lower percentage of positive cells was

desirable as it allows quantification of effects both increasing as well as decreasing
adipogenesis. One possibility to obtain a weaker adipogenic effect is diluting the

induction cocktail. When using cells of a low passage number after at least 2 days

of confluence, a detectably lower adipogenesis was achieved at induction cocktail
dilutions of 1:16 and below (Figure 11). For the experiments presented in the later

parts of this thesis, diluted induction cocktails were used to maximise the
sensitivity of the assay.

In summary, the established assay provides a scalable, automatable screening
method to quantify the complex process of differentiation of brown adipocytes in a

microtiter plate. It provides an efficient means to determine the effects of gain-of-
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function or loss-of-function approaches to the functions of different proteins, noncoding RNAs or the effects of chemical inhibitors, ligands or agonists.

Figure 11 Dependance of brown differentiation on the strength of the adipogenic
induction. A-B) Percentage of lipid-positive (A) and UCP1-positive (B)
cells without induction or at various dilutions of the standard induction
cocktail after 8 days of differentiation. Ctrl = no induction cocktail
added. Mean ± SEM of n = 6.

4.2. Novel Transgenic Mouse Strains
For the direct transient and permanent labelling of brown and brite adipocytes by
endogenous fluorescence, two novel transgenic mouse strains were created on the

well-characterised C57BL/6 background. Both were based on an inserted bacterial

artificial chromosome (BAC) containing the Ucp1 genomic locus including all

upstream and downstream regulatory sequences. The coding region of the Ucp1
gene (from ATG start codon to stop codon) was replaced with a transgene

expressing either a DTR/GFP fusion protein or a Cre/ER fusion protein plus

necessary resistance cassette for selection of the correct constructs. The newly
generated mouse strain “Tg(Ucp1-GFP) 445 Biat” is referred to as Ucp1-GFP, the
strain “Tg(Ucp1-CreER) 426 Biat” as Ucp1-CreER.

The Ucp1-GFP line can be used for direct visualisation of UCP1 expressing brown
and brite adipocytes due to its expression of plasma membrane bound GFP. As the
membrane protein to which GFP is fused constitutes a primate receptor for

diphtheria toxin (DT), it renders these cells susceptible to DT-mediated induction

of apoptosis. Thus, the mice could also be used for studying the effects of adult-

onset ablation of thermogenic cells. The Ucp1-CreER line allows for either gene

deactivation or activation specifically in UCP1 expressing cells after tamoxifen
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treatment of the mice. Possible experimental uses include the generation of

permanent labelling of the cells as used in 5.4 or loss-of-function studies of genes
as described in 7.2. Both lines are valuable tools for several future studies of
brown and brite adipocytes in vivo.

4.2.1. Cloning and Establishment of Founder Lines

The Ucp1-CreER construct was prepared as described in Johansson et al. 161 using

the bacterial artificial chromosome (BAC) RP23-148M1 (BACPAC Resources

Center, Oakland, USA). For the Ucp1-GFP construct a primate heparin-binding

epidermal growth factor-like growth factor (HB-EGF) / enhanced green
fluorescent protein (eGFP) fusion gene was cut out of pBS_DTRGFP_NC10
(provided by Thorsten Buch) using EcoRI and cloned into the multiple cloning site

of the pcDNA3.1 vector (Invitrogen). A polyA sequence combined with a neo/kana
resistance cassette flanked by frt sites from the BBV14_pNNCre19-E vector

(Thorsten Buch) was amplified by PCR introducing SmaI sites at both ends. The

SmaI-digested product was inserted into the EcoRV site of the pcDNA3.1

containing the GFP fusion gene. From the resulting vector the complete

HB-EGF/eGFP-pA-frt-neo/kana-frt sequence was amplified by PCR with primers
providing overhangs for a direct recombination into the UCP1 coding region of the
murine ucp1 locus of BAC RP24-248O6. The experimental procedures for

preparation and purification of the final BAC were identical to those described in
Johansson et al.

161.

Cloning primers are listed in Table 3, schematic

representations of the constructs are depicted in Figure 12.

Figure 12 Schematic representation of the BAC constructs used for generation of
novel mouse strains.

Transgenic mice were generated by pronuclear injection into C57BL/6N oocytes
according to standard procedures

162.

The laboratory of Prof. Thomas Rülicke at
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the Institute of Laboratory Animal Science, Vetmeduni Vienna, provided

pronuclear injection and implantation. Transgene-positive founders were
transferred to Zurich for further breeding and analyses.

Founders were analysed for transgene expression or activity separately and one

strain each showing specific expression was selected. All strains were crossed with

B6.Cg-Tg(ACTFLPe)9205Dym/J mice (Jackson Laboratories) to remove the frt-flanked

resistance cassette. As Ucp1-CreER mice showed more efficient Cre activity in the

original genotype with equally precise tissue specificity, animals without this
genomic modification

were

used

in

the

presented

data. Only B6.Cg-

Tg(ACTFLPe)9205Dym/J negative animals were used for experiments.
4.2.2. Ucp1-GFP Characterisation

The tissue-specific expression of the GFP fusion protein under the Ucp1 promoter

was confirmed by Western blotting. Only the results of the strain selected for the

further experiments are presented here. Analysis of the interscapular brown,
inguinal and epididymal adipose tissues as well as skeletal muscle of Ucp1-GFP

mice showed expression of the transgene selectively in UCP1 expressing tissues.
These included classical BAT under all conditions and inguinal fat after cold
stimulation (Figure 13).

Figure 13 Characterisation of the Ucp1-GFP mouse strain. A-B) Western Blots
detecting UCP1 and GFP in tissues with (A) and without (B) previously
described UCP1 expression. Lysate from transgenic Ucp1-GFP mice and
wildtype littermate animals with or without prior cold stimulation were
used. Control: diluted BAT lysates of transgenic animals.

No expression of UCP1 or GFP could be detected in liver, kidney, intestine, heart,
brain, lung or spleen (data not shown). Both UCP1 protein and GFP expression
could be detected in thymus preparations of cold-stimulated mice, in accordance
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with other studies showing the existence of brown adipocytes within the thymus
organ 19.

While this does not exclude undesired transgene expression in other tissues, the

data strongly suggest that the GFP fusion protein expression in the created mouse
strain is neither deregulated nor leaky. It thus provides an excellent model for
visualisation of brown and brite adipocytes in primary tissues without the need for
additional staining steps.

4.2.3. Ucp1-CreER Characterisation

As the detection of Cre recombinase on the mRNA or protein level might not
directly correlate with its crucial activity, the recombination of genomic loxP sites,
I developed an assay to test for the recombination in different primary tissue or

cell fractions directly. It is based on absolute quantification of the number of

recombined and unrecombined genome copies within a sample of genomic DNA,
the details being described in section 3.13. Only the results of the strain used for
further experiments are presented here.

Analysis of the Ucp1-CreER x ROSA26-tdRFP strain showed that recombination
activity is highly specific to BAT and fully dependent on tamoxifen induction. No

recombination was detected in samples of brain, heart and skeletal muscle, the

intestines, kidney, liver, lung or spleen (Figure 14 A). Thymus preparations known
to contain small amounts of brown adipocytes

19

showed a very low (< 0.1%) but

detectable recombination. The same was true for the adrenal preparations that can
contain traces of perirenal fat harbouring brown adipocytes. After cold
stimulation, the percentage of recombined cells in classical BAT was unchanged

whereas the otherwise low basal recombination rate in inguinal adipose tissue was

increased approximately 5-fold. Under all conditions, virtually no recombination
could be detected in epididymal WAT (Figure 14 B). Cold stimulation 6 weeks after

tamoxifen induction led to only minimal recombination in inguinal depots and

significantly reduced recombination rates in interscapular BAT. This showed that
Cre activation by tamoxifen was lost within 6 weeks of the end of the induction
period and newly formed brown and brite adipose tissue were not labelled (Figure
14 C).
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Figure 14 Characterisation of the Ucp1-CreER mouse strain. A) Percentage of
recombined cells in various tissues of Ucp1-CreER x ROSA-tdRFP mice
kept at 23°C housing temperature with or without tamoxifen induction.
Mean + SEM of n = 5. B) Percentage of recombined cells in BAT and WAT
depots after tamoxifen induction with and without a one-week cold
stimulation prior to sampling. Mean + SEM of n = 5-6. C) Percentage of
recombined cells in BAT and WAT depots after a one-week cold
stimulation with tamoxifen induction during cold stimulation or 6 weeks
prior to cold stimulation. Mean + SEM of n = 7-8.

When adipocyte and stromal-vascular fractions (SVF) were separated and

analysed for their gene expression, Rfp reporter gene levels reflected the cell typespecific Ucp1 expression (Figure 15 A-B).

The maximum recombination rate of approximately 25-30% in interscapular BAT

constituted a virtually complete recombination of all brown adipocytes as judged
by tissue sections (Figure 16) and knockdown efficiencies when using it for gene
ablations (Figure 32). In summary, the Ucp1-CreER is not only necessary for
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several of the experimental approaches of this thesis but also provides a valuable
tool for other investigations elucidating gene function in brown adipocytes.

Figure 15 Rfp and Ucp1 expression in the SVF and adipocyte fractions of adipose
tissues of cold-stimulated tamoxifen-treated Ucp1-CreER x ROSA-tdRFP
mice. Mean + SEM of n = 4-7.

4.3. Cryosections of Adipose Tissue
For the cell tracing experiments described later, simultaneous microscopic

detection of at least two protein signals in white adipose tissue was crucial.
Paraffin

sections

with

standard

staining

procedures

only

allow

immunohistochemical detection of one antigen per sample and prevent the

visualisation of endogenous fluorescent proteins due to the harsh chemical
processing. Thus, protocols for the preparation of adipose tissue cryosections were

created and tested. Different fixation agents, incubation and washing times, cutting
temperatures and thicknesses as well as embedding and imaging methods were

used in order to create tissue rigidity compatible with cutting semi-thin sections

with intact cell morphology and low background fluorescence, while maintaining
endogenous GFP and RFP fluorescence at a detectable level.

The final protocol required a short fixation in fresh 4% paraformaldehyde

neutralised to pH 7.4 followed by several wash steps in PBS. A 30 h

cryopreservation in 30% sucrose in PBS allowed for enhanced tissue stability and

decreased damage to cell morphology by preventing the formation of ice crystals.
As the water-based optimal cutting temperature (OCT) medium and the adipose

tissue containing mostly neutral lipids could not form a frozen block with
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homogeneous properties, tissues were briefly washed in PBS and flash-frozen on
dry ice without embedding medium. Semi-thin cryosections of 50 µm proved to be

the optimal thickness for keeping cell morphologies intact but preventing excess

background fluorescence from additional cell layers. Vectashield mounting
medium gave the best results and is compatible with additional DAPI staining of

the nuclei. Confocal imaging further improved the resolution and sharpness of the

images. Typical images of interscapular brown adipose tissue sections are depicted
in Figure 16.

Figure 16 Cryosections of interscapular BAT of cold-stimulated Ucp1-GFP x Ucp1CreER x ROSA26-tdRFP mice or appropriate negative controls after
immunohistochemical staining for UCP1 (Alexa 647 signal). Samples
were counterstained with DAPI before mounting. Size bar = 100 µm.
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5. Bidirectional Transdifferentiation of Brite and White
Adipocytes in vivo
5.1. Introduction
White adipocytes can be distinguished from brown by their lack of Ucp1
expression and low levels of other brown-typical genes. In addition, white

adipocytes differ morphologically from brown because of their unilocular lipid

droplet phenotype as compared to the multilocular appearance of brown
adipocytes.

Mice possess two types of brown adipocytes. An interscapular depot of classical
brown adipocytes is present throughout life but in addition, similar to humans,

mice harbour brite (brown-in-white) adipocytes in predominantly white fat
depots. In particular these brite adipocytes have received substantial interest in
recent years because their number can be increased by cold stimulation or

treatment with β-adrenergic agonists. Therefore, their recruitment process is
considered a potential target to increase energy expenditure, which could be

utilised to counteract obesity and associated metabolic disorders. In mice, the

inguinal adipose tissue is of major interest as it is the biggest depot capable of
recruiting additional brite adipocytes.

The initial discovery of an increase in brite adipocytes in different predominantly
white fat depots during cold stimulation (britening) dates back several decades
and several aspects of it have already been clarified. The decrease in brite

adipocyte number in a warm environment (whitening) was also observed but
gained much less attention. Mechanistically, the question whether bidirectional
transdifferentiation of brite and white adipocytes occurs during britening and
whitening

of

adipose

tissue

depots

remained

a

matter

of

debate.

Transdifferentiation refers to the direct conversion of a somatic cell from one

specific cell type into a different one, if the switch to a different function takes

place without the return to an undifferentiated, pluripotent precursor cell.
Indications in favour as well as against the involvement of transdifferentiation
were obtained within the last few years, summarised in section 1.7.
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I here describe the use of genetic cell tracing to address the question of

transdifferentiation in an unbiased direct in vivo approach with the focus on
inguinal adipose tissue.

5.2. Cold-induced Britening of Inguinal Adipose Tissue is Reversible
Several studies showed that the recruitment of brite adipocytes in predominantly
white adipose depots takes several days and can continue for weeks

51, 163.

However, the kinetics of consecutive re-acclimatisation to a warm environment
leading to a decrease in brite adipocytes have not been studied

135.

To assess the

time frame in which britening and whitening occur, gene and protein expression as
well as cellular morphology were analysed after cold stimulation and after
different periods of subsequent housing at normal room temperature.

Young adult mice were cold-stimulated in a controlled environment at 8°C for one

week and returned to a 23°C housing temperature afterwards (Figure 17 A). A

strong increase in cells with a multilocular brown phenotype in the inguinal fat
was observed during the cold phase but was abolished afterwards (Figure 17 B).
The automated quantification of lipid droplet sizes confirmed the cold-induced
formation of brite cells and the return to a white adipocyte phenotype within
5 weeks of warm acclimatisation (Figure 17 C).

Gene expression of the brown/brite-specific genes Ucp1, Cidea and Cox7a1 was
increased in inguinal fat, but not in epididymal WAT after cold stimulation. The

Ucp1 expression decreased shortly after the end of cold stimulation, while Cidea
and Cox7a1 declined more steadily. All of them reached pre-stimulation expression
levels after approximately 5 weeks (Figure 18 A-C). In classical BAT, elevated
levels of Ucp1 were observed upon cold stimulation but had already returned to

baseline levels one week after the end of cold stimulation (Figure 18 A). The
general adipocyte marker Pparg remained largely stable (Figure 18 D).
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Figure 17 Cold-induced britening of inguinal adipose tissue is reversible within
5 weeks at 23°C. A) Experimental housing temperature.
B) Representative HE-stained paraffin sections of inguinal fat during
cold and subsequent warm acclimatisation as in (A). Size bar = 100 µm.
C) Classification of lipid droplet sizes into bins for quantification of
morphological changes. Mean ± SEM of n= 4 (> 1,500 objects per sample).

In addition, UCP1 protein could be detected in inguinal WAT beginning on day 5 of

cold stimulation. Protein levels started to decline 1 day after the end of the

stimulation, returning to undetectable levels 1-2 weeks later (Figure 18 E). Taken
together, these observations showed that cold stimulation of C57BL/6 mice causes
a selective britening of inguinal adipose tissue that is reversible within 5 weeks.
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Figure 18 Cold-induced changes in gene expression of inguinal adipose tissue is
reversible within 5 weeks at 23°C. A-D) Gene expression of brown/brite
specific markers Ucp1, Cidea, Cox7a1 and the general adipocyte
transcript Pparg in different adipose tissue depots during temperature
acclimatisation as in Figure 17 A normalised to BAT before cold
stimulation. Mean ± SEM of n = 4. E) UCP1, GAPDH and FABP4 protein
levels in inguinal fat.

5.3. Ucp1-Tracer Mice allow Transient and Permanent Labelling of Brown
and Brite Adipocytes
To trace the fate of brite adipocytes, I generated two novel transgenic mouse

strains that allow transient, as well as permanent, labelling of brite adipocytes. The

generation and characterisation of Ucp1-GFP and Ucp1-CreER mice is described in

section 4.2. To distinguish between present-time and past Ucp1 expressing cells,
I generated Ucp1-GFP x Ucp1-CreER x ROSA-tdRFP mice (hereafter called
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Ucp1-Tracer) and established a protocol for simultaneous visualisation of

membrane-localised GFP expression and Cre-activated RFP expression in
cryosections of adipose tissues (section 4.3).

After cold stimulation and simultaneous tamoxifen induction of adult or young

adult Ucp1-Tracer mice, RFP+ cells in the inguinal depots were predominantly

GFP+ (Figure 19 A, C). The majority of RFP+ brite adipocytes showed a multilocular

morphology, with a small fraction exhibiting an intermediate phenotype between
brown and white adipocytes, containing one large lipid droplet with one or more

small surrounding lipid droplets (Figure 19 A-B). As expected from the interval
between UCP1 expression and Cre-activated RFP expression, a subset of newly
formed GFP+ cells could be found that were not yet RFP+ (Figure 19 A).

Figure 19 Tracer mouse model system for specific transient and constitutive
labelling of brown and brite adipocytes. A) Representative images of
50 µm cryosections inguinal adipose tissue of cold-stimulated
tamoxifen-treated Ucp1-Tracer mice. Size bar = 100 µm. B-C) RFP+ cells
are predominantly multilocular, GFP+ adipocytes. B) Quantification of
the percentages of different cell morphologies among the RFP+
population. Mean + SEM of n = 4. C) Quantification of the overlap
between the RFP+ and GFP+ cell populations. Mean + SEM of n = 3-6.
Young adult 7-9 weeks, adult > 14 weeks.
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5.4. Brite Adipocytes can Transdifferentiate into White Adipocytes during
Warm Adaptation
Initially, I used these mice to study the whitening process of adipose tissue. Three

possibilities can be envisaged that would explain the reversal of inguinal WAT
britening: (a) transdifferentiation of brite adipocytes into white adipocytes, (b)
dedifferentiation into SVF cells or (c) apoptotic removal of brite adipocytes. The

first analyses focused on the question whether the cold-induced brite adipocyte-

specific label would be retained in the warmth. Therefore, I cold-stimulated Ucp1CreER x ROSA-tdRFP mice on a tamoxifen diet and returned them to 23°C on
tamoxifen-free food for an additional 6 weeks (Figure 20 A).

Figure 20 Cold-induced brite adipocytes can transdifferentiate into UCP1-negative,
unilocular white adipocytes. A) Experimental housing temperature and
time of tamoxifen induction. B) Percentage of cells that underwent and
retained Ucp1-CreER-mediated recombination in different adipose
tissue depots during a time course as in (A). Mean ± SEM of n = 9-11.

The percentage of genetically labelled cells in BAT remained unchanged over time,
demonstrating a very low turnover of classical brown adipocytes in adult mice

(Figure 20 B). In inguinal depots, the percentage of labelled cells increased slightly

during the first 3 weeks at 23°C and returned to post-stimulation values at 7 weeks

(Figure 20 B). This increase might be the result of ongoing formation and labelling

of brite adipocytes directly after the end of cold stimulation. During these first days
UCP1 expression peaked (Figure 18 E) and tamoxifen has not yet been excreted

completely. Regardless, the retention of the label in WAT excluded apoptotic
removal of brite adipocytes as the mechanism of whitening.
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To analyse whether the Rfp label was retained in the SVF or the adipocyte fraction
I performed gene expression analysis in separated adipocytes and SVF, 6 weeks

after cold stimulation. I confirmed that the levels of brown/brite markers returned

to those of control mice that never underwent cold stimulation (Figure 21 A, C-D).
Nevertheless, Rfp expression remained 4- to 5-fold higher in inguinal adipocytes
but not in SVF compared to control animals that had been tamoxifen treated at the
same time but not cold-stimulated (Figure 21 B). This demonstrated that former
brite adipocytes have retained an adipocyte phenotype.

Figure 21 Former brite adipocytes retain an adipocyte phenotype. Gene expression
of Ucp1 (A), Rfp (B), Cidea (C) and Cox7a1 (D) in the SVF and adipocyte
fractions of adipose tissues 6 weeks after cold stimulation and tamoxifen
treatment. Control animals were maintained at 23°C constantly. Mean +
SEM of n = 6-7.

Next, I analysed the morphology of the former brite adipocytes after whitening.

Young adult Ucp1-Tracer mice were cold-stimulated and tamoxifen-induced,

followed by a 7-week warm acclimatisation on a tamoxifen-free diet. At the final
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time point, analysis of GFP and RFP expression in cryosections of inguinal adipose

tissue showed that RFP+ former brite adipocytes lost their UCP1 expression and

are almost exclusively GFP– (Figure 22 A, C).

Figure 22 Brite adipocytes whiten and lose their UCP1 expression at warm
temperatures. A) Representative images of 50 µm cryosections of
inguinal fat tissue of Ucp1-Tracer mice 7 weeks after cold stimulation.
Size bar = 100 µm. B) Quantification of the percentage of different cell
morphologies among the RFP+ cells as in (A). Mean + SEM of n = 3.
C) Percentage of GFP+ and GFP– cells among the RFP+ cell population.
Mean + SEM of n = 3.

Furthermore, virtually no RFP-labelled cells (either GFP+ or RFP+) could be
detected in the SVF. Very few of the RFP+ cells still exhibited a brown adipocyte

morphology, while the majority had acquired the phenotype of a classical white
adipocyte or an intermediate already containing one large lipid droplet (Figure

22 A-B). The cells thus converted from brite adipocytes into UCP1-negative
adipocytes with a morphological white adipocyte phenotype.
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5.5. Gene Expression Analysis confirms Whitening of Former Brite
Adipocytes
As a means to further characterise the cells and confirm the conclusion of

transdifferentiation into white adipocytes, labelled cells were isolated by flow
cytometry. As adipocytes are extremely sensitive to physical stress, careful cell
preparation, large FACS sorter nozzle size, low pressure and flow speed have to be

used to obtain live cells. The protocol used was established by Aliki Perdikari in
association with Cornelius Fischer of the Flow Cytometry Facility, University of

Zurich. Using adult Ucp1-CreER x ROSA26-tdRFP mice, both RFP+ classical

interscapular brown adipocytes as well as RFP+ inguinal brite adipocytes were

obtained directly after cold stimulation and tamoxifen induction. The same cell
populations were sorted from mice of comparable age that had undergone cold

stimulation and tamoxifen induction 8 weeks prior to sampling. Comparing

classical brown adipocyte gene expression, Ucp1 mRNA levels were approximately
50% lower 8 weeks after a cold stimulation compared to the levels directly after
the one-week stimulation. Cidea levels were almost identical under these two
conditions, the same was observed for Cox7a1 (Figure 23 A-C).

Expression of all of these brown adipocyte-typical genes was found to be very

similar in brite and classical brown adipocytes directly after cold stimulation but
largely reduced in former brite adipocytes after warm adaptation. The mRNA

levels were substantially and significantly lower than in the unstimulated warmadapted brown adipocytes obtained at the same time point (Figure 23 A-C),
indicating that the observed transdifferentiation differed profoundly from the

deactivation of classical brown adipocytes after the end of the cold-induced
stimulation.

The isolated adipocyte subpopulations also allowed a direct assessment of the

specificity of proposed brite adipocyte markers of a recent publication from Wu et
al. 45 (termed ‘beige’ adipocytes in the respective study). It described a population

of CD137+ Tbx1+ Tmem26+ precursor cells based on microarray analysis of

immortalised cell lines with brown adipogenic potential. These cells were shown
to differentiate into brown-like adipocytes bearing the same markers. In the

isolated RFP+ primary adipocytes obtained here, two of these markers (CD137,
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Tmem26) could not be detected. They were found to be expressed in whole
inguinal adipose tissue but analysis of separated cell fractions showed that their

expression was almost exclusive to the SVF (Appendix Figure 1). The third marker,
Tbx1, however, could be detected in inguinal brite adipocytes after cold
stimulation but was virtually absent in classical brown adipocytes. Similar to the

aforementioned genes, its mRNA levels are substantially reduced after whitening
of the tissue (Figure 23 D).

Figure 23 Whitening of former brite adipocytes in inguinal adipose tissue is not a
mere deactivation of brown adipocytes after the end of cold stimulation.
Gene expression of Ucp1 (A), Cox7a1 (B), Cidea (C) and Tbx1 (D) in
isolated primary RFP+ adipocytes of interscapular brown or inguinal
depots. Mean + SEM of n = 4.

In order to confirm not only the loss of the brown adipocyte phenotype, but also

the acquisition of a white adipocyte phenotype, I analysed the expression of white

adipocyte-typical genes in the isolated adipocytes. White adipocytes do not

express exclusive genes that are completely absent in brown adipocytes but
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several transcripts are much more highly expressed in white versus brown
adipocytes. Microarray data was used to select a set of the most specifically white
adipocyte-enriched genes.

Transcriptome data sets of the SVF and adipocyte fractions of interscapular brown,

inguinal and epididymal white adipose tissue depots of young adult mice were

obtained and analysed for transcripts highly enriched in white adipocytes versus

brown adipocytes as well as mature adipocytes versus SVF. The 13 strongest
candidates (Appendix Table 1) were verified by RT-qPCR on samples of these six

cell populations, obtained from both cold-stimulated and control mice kept at
normal housing temperature. Seven transcripts were selected that fulfilled the

aforementioned criteria and displayed mRNA levels in white adipocytes that were

largely independent of cold stimulation (Appendix Figure 2 A-G). They included
the known adipokines leptin and resistin.

To put the gene expression levels of the RFP+ brown, brite and whitened

adipocytes into perspective of the relative gene expression levels in other white

adipocytes, the RFP- adipocyte population of the inguinal adipose depot was

included in these comparisons. Analysis of the relative expression of the selected

7 transcripts showed that all of them were more highly expressed in RFP- white

adipocytes than in RFP+ classical brown adipocytes or brite adipocytes directly
after cold stimulation. However, with only one exception they all displayed
strongly elevated gene expression levels in whitened former brite adipocytes after

warm adaptation (Figure 24 A-G). In contrast to this, RFP+ classical brown

adipocytes of the interscapular depot did not show substantially changed levels of
any of these genes.

This further underpins the observed transdifferentiation of brite adipocytes into

the white adipocyte phenotype. Taken together, these data demonstrate that direct
transdifferentiation of brite into white adipocytes is the major mechanism of
whitening of inguinal adipose tissue after cold stimulation.
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Figure 24 During whitening, former brite adipocytes switch to a white adipocytetypical gene expression profile. A-G) Gene expression of white adipocytetypical transcripts in RFP+ brown adipocytes and RFP+ and RFP- inguinal
adipocytes. Mice were either sampled directly after a one-week cold
stimulation or 8 weeks post cold stimulation. Brown = interscapular
BAT, inguinal = inguinal WAT. Mean + SEM of n = 4.
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5.6. Brite Adipocytes can Form from White Adipocytes upon Cold
Stimulation
The transdifferentiation theory considers this transformation process to be a

bidirectional adaptation mechanism. Therefore, I analysed the potential of these

whitened adipocytes to return to a brite adipocyte phenotype. Ucp1-Tracer mice

were cold-stimulated for an additional week at 8°C, 7 weeks after the first
stimulation but without a renewed tamoxifen induction (Figure 25 B). Analysis of

inguinal fat revealed that the majority of RFP+ former brite adipocytes were again

clearly GFP+ (and thus UCP1+) after the second cold-stimulation (Figure 25 A, D).
About half of the GFP+ brite adipocytes after the second cold stimulation were RFP+

(Figure 25 C) and accordingly derived from cells that already were brite

adipocytes after the first cold stimulation. Nevertheless, former brite adipocytes
were not the only source of newly formed brite adipocytes and either other white
adipocytes or SVF cells could be the source of the additional GFP+RFP- brite

adipocytes.

Morphologically, an average of 75% of RFP+ cells exhibited a brown adipocyte

phenotype. The vast majority of them were derived from cells of a white or

intermediate morphology that constituted the predominant phenotypes before the

second cold stimulation (Figure 25 E). Regarding the sequence of morphological

changes and the changes in gene expression, a comparison between the cell
morphologies of RFP+ cells that were already GFP+ or still GFP- was performed. Of

the RFP+ cells that commenced re-expressing detectable amounts of GFP none
were found with a white morphology (Figure 25 F), indicating that the

restructuring of the cellular appearance is a prerequisite for detectable UCP1
expression.
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Figure 25 Brite adipocytes can form from white adipocytes. A) Representative
images of 50 µm cryosections of inguinal fat after a second coldstimulation as in (B). Size bar = 100 µm. B) Experimental housing
temperature and time of tamoxifen induction. C) Percentage of RFP+ and
RFP- cells among the GFP+ cells. Mean + SEM of n = 3. D) Percentage of
GFP+ cells among the RFP+ cells with or without the second coldstimulation prior to sampling. Mean + SEM of n = 3. E) Percentage of
different cell morphologies among the RFP+ cells in mice with or without
a second cold stimulus. Mean + SEM of n = 4. F) Ratios of the cell
morphologies of double-positive and only RFP-positive cells after the
second cold-stimulation. Mean + SEM of n = 3.
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5.7. Discussion
C57BL/6 mice contain few brite adipocytes in their inguinal adipose tissue at

normal ambient temperatures. The recruitment of additional brite adipocytes took
several days and resulted in a substantial amount of brite adipocytes, most of them
located in patches or islands within the tissue. The strong increase in UCP1 protein
as the crucial functional marker of cells capable of non-shivering thermogenesis
was observed from day 5 of cold stimulation. These observations indicate that the

underlying process is likely a differentiation or transdifferentiation process. A
mere activation of pre-existing dormant brite adipocytes could occur at a much
faster rate.

Interestingly, the whitening of inguinal adipose tissue after the end of cold

stimulation took place at a slower rate than the britening. Especially the changes in
cellular morphology back to the pre-stimulation state took several weeks. The

mRNA and protein levels of UCP1 declined rather quickly, as can be expected from
the fact that its levels do not only depend on the cell type but also on the activation
state. Hence, the first loss in Ucp1 levels was mostly due to the deactivation of the

brite adipocyte thermogenesis. The levels of Cidea as a general brown adipocyte

transcript and Cox7a1 encoding a typical mitochondrial protein reflected the
abundance of the brite adipocyte cell type more closely. The kinetics of their

decline correlated well with the disappearance of the small lipid droplets typical of

multilocular brite adipocytes. The biological rationale for faster britening than

whitening might be that a quick increase in non-shivering thermogenesis capacity
at the onset of winter is crucial. The regression at the end of the cold season would
be of metabolic advantage but less important for survival. Combined, the rates of
tissue adaptation are suitable for a non-hibernating mammal living in moderate
climate zones.

The established Ucp1-Tracer mouse line allowed for simultaneous visualisation of
present as well as former brite adipocytes. The overlap between the GFP+ and RFP+

cells covered the vast majority of either population, adding further proof to the

specificity of the transgene expression. Importantly, the efficiency of Cre activity
was largely independent of the age of the mice while many inducible Cre
transgenic mouse strains show highest efficiency only at young mouse age 164. Also
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the morphology of the Cre-labeled cells within inguinal adipose tissue after cold
stimulation was very similar between young adult and adult mice, rendering the

effects of cold stimulations at different ages comparable. The recruitment of

additional brite adipocytes is a continuous process that is not finished at the end of

the one-week cold stimulation. Thus, very young brite adipocytes can be expected
to express the Cre recombinase, but not have completed recombination yet and
will therefore not express detectable amounts of RFP yet. This GFP+ RFP-

population could be observed and needs to be taken into account for the analysis
of cell isolation experiments because inguinal RFP- adipocytes after cold

stimulation are consequently not solely white adipocytes. Nevertheless, both the

Ucp1-GFP and the Ucp1-CreER are highly specific, efficient transgenic mouse

strains that will prove to be versatile tools for future studies of mature brown and
brite adipocytes in vivo.

Tamoxifen-induced labeling of brite adipocytes during the cold and subsequent
return of the mice to a warm environment on a tamoxifen-free diet showed that
the labelled cells are not removed apoptotically as the label could still be detected
6 weeks after the end of cold stimulation. The small increase in the percentage of

labelled cells after the cold is most likely explained by the aforementioned newly

formed brite adipocytes that are already induced but did not undergo Cremediated recombination yet. These cells will add to the labelled cell population

directly after the end of cold stimulation because their UCP1 expression does not
cease immediately and the circulating tamoxifen concentration needs to be

reduced by metabolisation and excretion before labelling is completely terminated.
The slight decrease in the percentage of labelled cells between 3 and 6 weeks after

the end of the cold stimulation could reflect apoptotic removal of a subset of the

brite adipocytes. More likely, it reveals ongoing proliferation of other cell types in
the inguinal adipose tissue, which (in contrast to interscapular BAT) still grows in
size at this age of the mice

165, 166.

In either case, apoptosis can be excluded as the

predominant mechanism of brite adipocyte disappearance during whitening of
inguinal adipose tissue.

Under the plausible assumption that brite adipocytes are not motile and cannot
leave the respective fat depot, this left two possible explanations for the whitening
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process: dedifferentiation or transdifferentiation. The further should result in
former brite adipocytes turning into cells found in the SVF of the tissue, the latter
should result in the retention of an adipocyte phenotype. The separation of SVF

and adipocytes of warm-acclimated animals 6 weeks after the end of cold

stimulation showed that the brite adipocytes labelled during the cold were still
found in the adipocyte fraction. The expression of Rfp was several-fold higher in
these adipocytes than in control samples from mice that never underwent cold

stimulation. Mice that never underwent cold stimulation also showed a low
expression level of brown adipocyte-typical transcripts and Rfp, in agreement with

the few brite adipocytes being found in inguinal adipose tissue of mice at a normal
housing temperature. The comparison between unstimulated and post-stimulation
samples also confirmed that the adipose tissue formerly containing brite
adipocytes had returned to the gene expression state of tissue that never
underwent

cold

stimulation.

Combined,

these

data

demonstrate

that

transdifferentiation is a physiological temperature adaptation mechanism
mediating adipose tissue whitening.

On a morphological level, cryosections of inguinal adipose tissue after whitening
showed that virtually no SVF cell was found to express RFP, further supporting the

conclusion that dedifferentiation of brite adipocytes is not of importance during

tissue adaptation. Very few of the labelled cells still exhibited the multilocular

appearance of a brite adipocyte and the vast majority contained one major lipid
droplet. A portion still contained smaller lipid droplets around the dominant large

one, thus exhibiting the intermediate phenotype between brown and white
adipocyte

morphology that was

transdifferentiation process

136.

expected

to

be

associated

with

the

It indicates that, while gene expression and

consequently function have returned to the ‘warm state’ of the tissue, the
morphological conversion of part of the cells has not been completed at this time

point. Nevertheless, the microscopic analysis confirmed the transdifferentiation of
brite into white adipocytes.

To date, no published data on isolated adipocytes sorted according to their

fluorescence properties is available although first attempts at sorting in vitro
differentiated adipocytes have been reported

167-169.

The first results of flow
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cytometric sorting of primary brite and control adipocytes showed that the

approach is technically feasible using the newly established mouse strains and

adequate equipment. With this technique, whitened former brite adipocytes could
be compared to white adipocytes that did not undergo transdifferentiation. The
gene expression data of the sorted adipocytes after cold stimulation and after

whitening confirmed that brown/brite-typical genes are massively reduced in

former brite adipocytes after whitening. The residual expression levels are most
likely due to the brite adipocytes always present in inguinal adipose tissue at 23°C
housing temperature. In addition, a slight bias towards enriching brite versus

white adipocytes can be expected during flow cytometry from the fact that white

adipocytes are bigger and structurally more sensitive to physical stress. Most
importantly, the strong decrease in brown adipocyte-typical genes is not observed
in classical brown adipocytes after deactivation.

In line with these observations, the expression of the analysed white adipocytetypical transcripts was substantially increased after whitening of former brite
adipocytes and similar to the levels in the RFP- fraction containing mostly white

adipocytes. The lower expression of some of the white adipocyte-enriched
transcripts in the RFP- adipocyte fraction directly after cold stimulation can be

explained by the aforementioned fact that these samples must always contain a

certain number of newly formed brite adipocytes that do not express substantial
amounts of RFP yet. Importantly, none of the white adipocyte-typical transcripts

were found to be substantially higher in classical brown adipocytes after warm
adaptation. This confirmed that the return of brown adipocytes to an unstimulated

state is a different process and underpins the conclusion of transdifferentiation in
inguinal adipose tissue.

Although this process is of fundamental importance for the deeper understanding
of

brite

adipocyte

biology,

clearly

more

interesting

is

the

reverse

transdifferentiation process during britening. Every therapeutic approach focusing
on brown adipose tissue in humans aims at increasing the number and activity of
cells that can mediate non-shivering thermogenesis

34, 170.

Unfortunately, direct

lineage tracing after specific labelling of white adipocytes is not possible

technically because no white adipocyte-selective transcripts are known that are
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not expressed in brown adipocytes. The leptin gene is the most highly white
adipocyte-enriched gene reported to date

133, 171, 172,

a finding that was confirmed

in the presented microarray analyses, but it is not as specific as Ucp1 for brown
adipocytes.

Regarding labelled adipocyte populations for tracing during britening however,
the previously described tracing of whitening resulted in labelled predominantly

white adipocytes in inguinal adipose tissue. A second cold stimulation without
tamoxifen induction (and hence no additional RFP-labelling) revealed that these

whitened former brite adipocytes can re-convert into brite adipocytes. They form
UCP1-positive multilocular adipocytes just like after the first cold stimulation,
indicating that transdifferentiation is a bidirectional process in vivo.

In fact, the majority of former brite adipocytes became UCP1-positive multilocular

brite adipocytes again. Given that only a fraction of all adipocytes became brite

during the first cold stimulation, the selection of the adipocytes to briten is not
stochastic. This suggests that cells with a white adipocyte phenotype capable of

britening have certain features that facilitate britening. These could be intrinsic
differences such as the expression of certain receptors or transcription factors. On
the other hand, given their localisation in patches and the known mechanism of
neuronal activation of non-shivering thermogenesis, their position next to nerve

endings and/or blood vessels could determine their potential. The finding of a

correlation of noradrenergic nerve fibers with the number of brite adipocytes
argues in favor of this

134.

Mice lacking β 3 -adrenergic receptors do not show

britening of WAT during cold induction

173.

Thus, every white adipocyte would be

capable of britening. If there were two different populations of white adipocytes,
one capable of becoming a brite adipocyte and one incapable, an improvement of

the presented adipocyte sorting technique might allow the isolation of sufficient
whitened former brite adipocytes for whole transcriptome analysis in the future.

The differences between the two populations might be confounded to some extent
by the presence of the few brite adipocytes always present in the depot but could
allow the definition of interesting candidates that control the potential of a cell to
briten.

64

Bidirectional Transdifferentiation of Brite and White Adipocytes in vivo:
Discussion

To date, the only genetic tracing study on transdifferentiation used a simpler

constitutive Ucp1-Cre mouse line to activate a lacZ transgene. They analysed the

replacement of the almost exclusively brown adipose tissue directly after birth by
predominantly white adipose tissue during postnatal murine development 142. The

study showed that different white adipocytes (including inguinal) were not
derived by transdifferentiation from previously brown adipocytes. They must have
consequently been derived from a different cell type. Combined with the data

presented here, this suggests that transdifferentiation is a feature of adult adipose
tissue while initial formation of WAT is achieved by de novo differentiation of
preadipocytes.

Several studies have reported different populations of precursor cells that are able

to give rise to brite adipocytes when stimulated. These findings suggested that
cold-stimulated brite adipocytes were formed from precursors rather than white
adipocytes. Schulz et al. 141 showed that Sca+ cells from different tissues have the

potential to form brown-like adipocytes. However, they required treatment with
the brown adipocyte inducer BMP7 and Sca+ cells are known to easily differentiate

into white adipocytes as well

124.

This population therefore still retains stem cell

properties with the capability of forming various cell types and cannot be

considered a preadipocyte with a defined cell fate. The same is true for a study

from Lee et al. 140 who analysed a population of PDGFRα + cells that are capable of

forming adipocytes with both brown and white phenotype. Only one publication,
Wu et al. 45, reported markers for specific brite precursors that are also retained in

mature brite adipocytes. However, the aforementioned flow-cytometric sorting

data of brite adipocytes indicate that these markers do not specify the cold-

induced brite adipocyte population observed in the presented experiments. The

discrepancy might be partly due to the fact that this study used the obesityresistant Sv129 mice, which are known to contain much higher numbers of brite
adipocytes in WAT including the epididymal depot 139.

Putting these results into perspective with regard to the presented work,
precursor populations might additionally contribute to the formation of brite

adipocytes, either directly or via an intermediate white adipocyte stage, when
transdifferentiation is insufficient to accommodate the increased demand for
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non-shivering thermogenesis. In summary, a direct interconversion of brite into

white adipocytes and vice versa without prior dedifferentiation of these mature

cells takes place during britening and whitening in vivo. This proves bidirectional
transdifferentiation within adipose tissue to be a major mechanism of temperature
adaptation in adult mice.
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6. SRF Inhibits Formation of a Brown Adipocyte Phenotype
6.1. Introduction
The regulatory networks underlying adipocyte differentiation from a precursor

cell have already attained interest for many decades and are well understood in
several respects. However, most of the work has focused on white adipogenesis
and only recently, the regulation of brown adipocyte formation has become a
major research focus of its own.

Serum response factor (SRF), the transcription factor this section will focus on, is a

widely expressed regulator of very diverse functions. It is crucial in early
development and SRF null embryos die after failure to form a mesoderm 174. In the

later stages of mammalian development, SRF regulates the formation of smooth,
skeletal and cardiac myocytes and also contributes to the control of gene

expression in various other cell types 175. Although SRF mRNA is expressed in most
cell types, its target genes and its overall impact can differ substantially due to
regulation at several levels 175.

Phosphorylation at serine or threonine residues strongly increases its
transcriptional activity

176, 177.

Furthermore, SRF is not a constitutively nuclear

factor and binding to different interactors can lead to a cytoplasmic localisation,
diminishing its activity

178, 179.

The most diverse regulation, however, is exerted by

its binding to transcription factors and cofactors. Although SRF has been described
to directly interact with several other transcription factors, two groups of

cofactors are known that directly control its transcriptional specificity and
activity 175:

myocardin-related

transcription

factors

(myocardin, MRTF-A,

MRTF-B) and ternary complex factors (Elk-1, SAP-1 and Net). It was shown that
the binding to the coactivators of these two families is mutually exclusive 180, 181.

An independent study analysing the chromatin state in cell culture models of
murine and human white adipogenesis also detected SRF as a potential regulator
and confirmed its inhibitory effect on white adipocyte differentiation

182.

I here

describe the discovery of SRF’s effect on brown adipocyte differentiation and a
potential mechanism of its regulation.
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6.2. SRF Target Genes are Differentially Expressed in Brown and White
Adipose Tissue Fractions
In order to identify new potential regulators of brown adipocyte differentiation,

I prepared adipocyte as well as stromal-vascular fractions (SVF) from
interscapular brown, inguinal white and epididymal white adipose tissue of young
adult C57Bl/6 mice kept at normal housing temperature. Global expression
profiles of all 6 cell fractions were obtained by microarray analyses and used to

select candidates that were consequently tested for their effect on brown

adipogenesis, in vitro. Several strategies were employed for candidate selection.
Transcripts with a relatively high expression level in interscapular brown SVF

containing the brown preadipocytes were of particular interest. Higher expression

in brown versus white preadipocytes or brown preadipocytes versus mature

brown adipocytes could indicate an important role in maintaining brown
adipogenic potential.

Figure 26 Interaction network of SRF (centre) with downstream targets and
interactors that are differentially regulated in mature brown adipocytes
versus BAT SVF and/or brown versus white preadipocytes. Selection
criteria for classification as regulated were more than 2-fold difference
in signal levels with a significance level of p < 0.10.

In order to include the underlying gene expression regulatory factors in the

analysis, the GeneGo Metacore software package was used to detect transcription
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factor networks of interest. Of special interest were networks clustering around a

central transcription factor with a considerable set of its target genes regulated.
The main transcription factor might not be regulated on the mRNA expression
level but rather post-transcriptionally and would thus not occur in the list of
regulated genes. However, significant regulation of an array of target genes or
interactors of the respective transcription factor might hint at an important role.

One of two transcription factors not previously implicated in adipogenesis at the

time of candidate selection was serum response factor (SRF). Its expression is
similar in all analysed SVF and adipocyte samples but many of its targets and

interactors were among the differentially expressed genes (Figure 26). It was

consequently included in the list of candidate genes that might influence brown

adipogenesis and were tested for their effect in the described image-based assay
(section 4.1).

6.3. SRF Inhibits Brown Adipocyte Differentiation under Weak Adipogenic
Conditions

The adipogenesis assay described in 4.1 was used to perform a small-scale loss-offunction screen on possible effectors of brown adipocyte differentiation. Most of
the 36 candidate genes (listed in Appendix Table 2) were selected based on their

gene expression levels in stromal-vascular versus mature adipocyte fractions of

brown, inguinal and epididymal adipose tissue depots. Additionally, several
transcription factors (including SRF) that showed strong regulation of their down-

stream targets were included in the list. Dharmacon on-target PLUS smartPOOLs,
mixtures of 4 different siRNAs designed against the same target mRNA, were used

to knockdown each respective gene prior to induction of differentiation. The final
read-outs (percentage of lipid-positive and UCP1-positive cells) were obtained
7 days post induction under isoproterenol-stimulated conditions.

Several genes showed modest effects on either lipid accumulation or UCP1

expression of differentiating cells in the initial screen. For validation, 11 genes and
Pparg as a control with known effect on differentiation were selected and their

effects determined over a range of siRNA concentrations. Several siRNAs resulted

in a decreased brown adipogenesis. Knockdown of SRF was the only treatment
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that strongly increased the number of UCP1-expressing cells over a broader siRNA
concentration range (data not shown). As potential side effects by off-target effects
of siRNAs are more likely to result in a disturbed biological phenotype (i.e. less

adipogenesis), the improvement of differentiation made SRF the most interesting
and most reliable candidate.

As an increase in the percentage of lipid droplet-containing cells was difficult to

measure due to the already strong differentiation following induction with a
widely used induction protocol, I analysed the effects of SRF knockdown under

weaker adipogenic conditions. Using a diluted induction cocktail to start the

differentiation process, I observed strong increases in the percentage of lipid-

positive and UCP1-positive cells during an SRF knockdown. Even without
induction cocktail, spontaneous differentiation could be observed, which was
virtually absent under control conditions (Figure 27 A-B).

Figure 27 SRF inhibits brown adipocyte differentiation. Lipid accumulation and
UCP1 levels were analysed at day 7 post induction. A-B) Preadipocytes
were treated with siRNAs against Srf or scramble control 2 days prior to
differentiation. A) Percentage of lipid-positive cells. B) Percentage of
UCP1-positive cells. Mean ± SEM of n = 4-6. C) mRNA expression level of
Srf during the in vitro differentiation of immortalised brown
preadipocytes. Mean ± SEM of n = 4.
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When comparing the expression levels of Srf in the immortalised preadipocyte cell
line throughout the differentiation process, mRNA levels were reduced by
approximately 50% from day 0 (before induction) to day 7 (time point of image

analysis) and declined even further afterwards (Figure 27 C). Interestingly, the

induction cocktail for differentiation itself reduced Srf levels to a similar extent, an
effect only partially reversed after return to a normal growth medium afterwards

(Figure 27 C). This also indicates that the regulatory function of SRF is most
prominent during the early stages of differentiation.

To determine the gain-of-function phenotype, both adenoviral SRF overexpression

as well as shRNA constructs were created and their effectiveness in the chosen cell
line confirmed by qPCR and Western blot (Appendix Figure 3). Viral transfection

two days prior to the induction of differentiation (using weak adipogenic
conditions) resulted in a marked decrease of brown adipocyte differentiation in
the SRF overexpressing cells. Viral knockdown led to strongly increased
differentiation, as did the siRNA-mediated knockdown (Figure 28 A-B).

Figure 28 SRF overexpression diminishes brown adipocyte differentiation.
Preadipocytes were treated with adenovirus expressing shRNAs against
Srf or scramble control or overexpressing SRF or GFP 2 days prior to the
induction of differentiation. A) Percentage of lipid-positive cells.
B) Percentage of UCP1-positive cells. Mean + SEM of n = 6.

6.4. Loss of SRF in Mature Brown Adipocytes Results in no Overt
Phenotype
In light of the strong effects of SRF in inhibiting brown adipocyte differentiation, it
could possibly also play a role in mature brown adipocyte function. As the

knockdown of transcripts in differentiated adipocytes in vitro is less efficient than
in fibroblast-like preadipocytes, I chose the newly created Ucp1-CreER mouse and
the commercially available SRFfl/fl strain to efficiently knock out SRF in vivo. These
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Ucp1-CreER x SRFfl/fl mice contain a modified Srf locus that can be deactivated by
Cre recombinase activity after tamoxifen treatment.

Comparing Ucp1-CreER x SRFfl/fl and SRFfl/fl littermates, no differences in body

weight or macroscopic phenotype were observed during the development of the

animals. In 10-12 week old mice, genomic recombination was induced by
tamoxifen induction and interscapular BAT was sampled one week post tamoxifen
induction. The animals had been constantly kept at a normal ambient temperature

of 23°C. Srf mRNA levels in Ucp1-CreER x SRFfl/fl were reduced by approximately

75% in interscapular BAT, the remaining 25% being most likely due to expression

in the SVF. However, neither Ucp1 or Cidea nor any of the other tested functional

genes showed a marked change in expression levels (Figure 29 A), indicating that
SRF is of little importance in the maintenance of brown adipocytes under normal
conditions.

Figure 29 Loss of SRF does not lead to a detectable phenotype in mature brown
adipocytes. A) mRNA expression levels of Srf and functional adipocyte
genes in interscapular BAT of adult SRF-BAKO and control animals
housed at normal ambient temperature. Mean + SEM of n = 3-4.

6.5. SRF Cofactors Regulate Brown Adipocyte Differentiation
The activity of SRF is regulated on several levels including its mRNA expression,
protein phosphorylation, localisation and bound cofactors. The latter ones have

already been implicated in the differential functions of SRF during early
development as opposed to its role in mature skeletal myocytes and
cardiomyocytes. Thus, I investigated whether a knockdown of one or more of the
known SRF cofactors resulted in a similar phenotype as an SRF knockdown, to
identify factors responsible for mediating the SRF effect on differentiation.
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The cofactors of the myocardin-related transcription factor family and the ternary
complex factors were knocked down by smartPOOL siRNAs as in the initial screen
detecting SRF as a regulator of brown adipogenesis. Transfection two days prior to

induction of differentiation of the cell line derived from classical brown fat showed

that MRTF-A knockdown mirrors the effects of SRF knockdown, i.e. an increase in

lipid-positive and UCP1-positive cells (Figure 30 A-B). All other cofactors exhibited

an opposite or no detectable effect in the used assay. Similar to SRF, the MRTF-A

effect was hardly detectable under strong adipogenic conditions (data not shown),
suggesting that the effect of SRF might be at least partially mediated via activation
by MRTF-A.

Figure 30 MRTF-A has a similar effect on brown adipocyte differentiation as SRF.
Preadipocytes were treated with the respective siRNA pools 2 days prior
to differentiation. A) Percentage of lipid-positive cells at day 7.
B) Percentage of UCP1-positive cells at day 7. Mean + SEM of n = 3-6.
Statistics only displayed for increased values.

6.6. SRF Inhibits Brown Adipogenesis from White Precursors
Additionally, the impact of the SRF regulation on white adipogenesis and especially
formation of brown-like adipocytes from white adipocyte precursors was

investigated. In accordance with the data from Mikkelsen et al. 182, siRNA-mediated

knockdown of Srf two days prior to the induction of differentiation resulted in
increased differentiation of white preadipocyte cell lines established from either

inguinal or epididymal adipose tissue. Interestingly, not only lipid droplet
formation, but also UCP1 levels were increased (Figure 31 A-D) after
differentiation upon Srf knockdown.
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Next, I investigated whether the impact of SRF knockdown on white adipogenesis,
and especially the observed brown-like phenotype, could be achieved by
knockdown of the same cofactor(s). The effects of cofactor knockdown on cell lines
derived from white adipose tissue SVF also showed an inverse correlation of
brown-like differentiation and expression of MRTF-A (Figure 31 A-D).

Figure 31 Effects of knockdown of SRF or one of its cofactors on white adipocyte
differentiation. Preadipocytes were treated with the respective siRNA
pools 2 days prior to differentiation. A-B) Cell line derived from murine
inguinal white adipose tissue. A) Percentage of lipid-positive cells at day
7. B) Percentage of UCP1-positive cells at day 7. Mean + SEM of n = 3-6.
C-D) Cell line derived from murine epididymal white adipose tissue.
C) Percentage of lipid-positive cells at day 7. D) Percentage of UCP1positive cells at day 7. Mean + SEM of n = 3-6. Statistics only displayed for
increased values.

However, additionally Elk1 seemed to play a role in the inhibition of differentiation
of these cell lines. In some cases, knockdown of either of these cofactors showed a

stronger impact on differentiation than knockdown of SRF by itself, suggesting that
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SRF might integrate several contradicting stimuli including pro- and antiadipogenic ones (Figure 31 A-D). Overall, MRTF-A is the strongest candidate for
mediating the inhibitory effect of SRF on differentiation.

6.7. Discussion
Serum response factor (SRF) is an almost ubiquitously expressed transcription
factor regulating a plethora of different cellular and developmental processes with

special importance in the formation of different muscle cell types 175. Alterations or

deletions of its function have been linked to various disease states

183.

Although

highly expressed in adipocyte and stromal-vascular fractions (SVF) of every
analysed adipose tissue, a substantial number of the known SRF target genes were
preferentially expressed in the SVF of interscapular BAT. This suggested a role for

SRF in the maintenance of the brown preadipocyte phenotype, which could mean
that it prevents the formation of the mature brown adipocyte phenotype and/or

helps maintaining the potential for brown adipogenesis in contrast to other cell
fates. During the presented work, an independent study analysing white

adipogenesis found SRF as a potential regulator and showed an inhibitory role in
white adipocyte differentiation 182.

In the performed siRNA screen, knockdown of Srf also showed a profound impact

on brown adipogenesis and was selected for in-depth analysis. Interestingly, the

percentage of differentiating cells was most strongly increased when Srf was

knocked down under weak adipogenic conditions. This suggests that an inhibitory
function by SRF needs to be overcome for the onset of differentiation and that the
normal adipogenic induction is sufficient for this. Thus, additional reduction of Srf

does not further increase adipogenesis. This hypothesis is in line with the

observation that over-expression of SRF did substantially decrease differentiation.

In this case the inhibitory function of SRF is too strong to be overcome by most
cells. Accordingly, the Srf mRNA level was already significantly reduced by the
chemical cocktail used for induction of differentiation.

A deletion of SRF specifically in preadipocytes in vivo would constitute the most
elegant way of proving the importance of this regulation not only in a cell culture
system. However, due to the difficulty of defining specific markers for the
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preadipocyte population, a Cre-mediated deletion in this cell population is not

feasible. The in vivo data of SRF ablation in mature brown adipocytes revealed that
SRF does not seem to be a crucial factor for mature brown adipocyte function

under normal conditions. Consequently, its role in the adipocyte system is likely to

be inhibition of the creation of a brown (and white) adipocyte phenotype.
However, once the cellular decision to form a brown adipocyte has been

established, it no longer influences the cell’s function. After full in vitro

differentiation at day 7-8 the Srf mRNA level was much lower than at day 0,
suggesting SRF’s function to be most crucial at the onset of brown adipocyte

differentiation. The strong impact of SRF and at least one of its cofactors on early

differentiation of brown preadipocytes is in line with the close developmental

relationship between brown adipocytes and myocytes, the latter known to be
controlled by SRF during differentiation.

In order to further analyse the underlying regulation, the impact of the SRF

cofactors of the MRTF as well as the TCF families was analysed. Only knockdown of
MRTF-A showed a similar effect as SRF knockdown on brown adipogenesis, while

either an opposite or no effect was observed for the other cofactors. This makes
MRTF-A a strong candidate for mediating the SRF effects on brown adipocyte
differentiation.

SRF transcriptional activity, especially the effects mediated by MRTF-A, can be
activated by small GTPases of the Rho family 184. Of note, Rho family GTPases like

Rac have also been implicated in the inhibition of adipogenic differentiation in
their active GTP-bound conformation

185.

However, their activity was shown to be

down-regulated by exchange of the bound nucleotide for GDP upon confluence of

the precursor cells, while SRF expression is strongly increased in confluent
compared to subconfluent cells. This argues for other or additional mechanisms

regulating SRF activity in preadipocytes.

MRTF-A is subject to control by the actin dynamics of the cells and inactive
MRTF-A localises predominantly to the cytoplasm

175.

The onset of structural

re-modelling during adipocyte differentiation required for the conversion of

fibroblast-like preadipocytes into bigger, more roundish lipid-filled mature

adipocytes could be implicated in the regulation of this system. The changes in
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tensional stress after confluence and growth arrest of the preadipocyte could be
the regulator for a resulting change in MRTF-A activity 186, 187.

Regarding the immense interest in the formation of brite adipocytes combined
with the hypothesis that SRF inhibits the establishing of a brown adipocyte

phenotype, SRF and/or its cofactors could also mediate a control function in this
process. When two different white preadipocyte cell lines were differentiated after

knockdown of either SRF or MRTF-A, not only the number of lipid-positive cells

but also the number of UCP1-positive cells was increased. In every case, MRTF-A
seemed to have a stronger effect than SRF knockdown. These data suggest that SRF

integrates multiple different signals, of which coactivation by MRTF-A seems to be

a dominant one, with the final outcome of an inhibition of formation of a brown
adipocyte phenotype, independent of the original cell type.

The direct effects of SRF activity could be the expression of intracellular or

extracellular inhibitors of brown adipogenesis like BMPs or the direct repression

of a known inducer of brown adipocyte differentiation like PRDM16 or PGC-1α 110,

112, 117.

Transcriptome analyses of brown preadipocytes and differentiating

adipocytes with or without Srf knockdown will shed further light on the direct
effects of SRF in this regulation.

In light of the findings that transdifferentiation constitutes a major mechanism of
recruitment of adipocytes with a brown phenotype in predominantly white

adipose tissue (section 5), SRF/MRTF-A could also inhibit britening and
transdifferentiation of white adipocytes. Further studies will focus on the impact of
SRF loss in mature white adipocytes, either in vitro in differentiated cells like the
aforementioned cell lines or using genetic tools, in vivo. The used SRFfl/fl mice

157

are currently being crossed to a mouse strain expressing inducible Cre

recombinase in all adipocytes under the adiponectin promoter. Loss of SRF in
white adipocytes could result in a higher percentage of brite adipocytes and/or
increased formation of brite adipocytes during cold stimulation.

The final goal of these basic research approaches is to find new means of

increasing the capacity and activity of non-shivering thermogenesis. Interfering
with SRF function system-wide within an organism is likely to cause severe side

effects because it is of crucial importance for the proper functioning of several
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types of myocytes. Thus, targeting MRTF-A might provide a way to target the

important regulatory mechanism more specifically and with a higher efficacy. In
contrast to SRF-/- or myocardin-/- animals

174, 188,

MRTF-A-/- mice are viable and

were only reported to display a deficiency in mammary myoepithelial cells 189, 190.

Of note, CCG-1423 is a small compound inhibitor of SRF signalling originally
developed as an inhibitor of prostate cancer cell invasion. It most likely inhibits the

SRF/MRTF-A complex independent of DNA binding although its exact mechanism
remains to be elucidated

191.

Treatment of mice that were fed a high fat diet with

CCG-1423 led to an improvement of metabolic health, a change that was attributed
to improved glucose sensitivity in skeletal muscle in this study 192. It is tempting to

speculate that changes in adipose tissue depots could contribute to the
improvement.

In summary, SRF inhibits the formation of a mature brown adipocyte phenotype

from precursor cells but does not play an important role in the function of mature

brown adipocytes. As it also negatively regulates the recruitment of brown-like
adipocytes from a white adipocyte lineage, it might as well be implicated in the
formation of brite adipocytes in vivo.
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7. Function of PPARγ in Mature Brown Adipocytes in vivo
7.1. Introduction
Peroxisome proliferator-activated receptor γ (PPARγ) is a nuclear receptor

predominantly expressed in adipocytes but also detectable in macrophages, kidney
or liver

193.

Two mRNA isoforms are transcribed from the Pparg gene using

alternative start sites resulting protein isoforms that differ by 30 N-terminal amino

acids. PPARγ constitutes the most important transcription factor for both brown

and white adipocyte differentiation (see section 1.5), but also plays an important
role in mature adipocyte function, glucose metabolism and other processes
including the regulation of inflammatory processes 194.

PPARγ activity can be activated by binding of one of several hydrophobic ligands,
including free fatty acids and their derivatives

195.

It is the main target of the

thiazolidinediones (TZDs, or glitazones), a family of synthetic compounds for
treatment of type II diabetes

90.

TZD treatment leads to a decreased insulin

resistance and increased adiponectin levels, thus improving metabolic health

197.

196,

Simultaneously, it leads to a decrease in leptin levels and increased adipocyte

differentiation, resulting in a further weight gain of the usually already overweight
subjects 198-200. Interestingly, TZDs can stimulate differentiation of either brown or

white preadipocytes but chronic TZD treatment results in white adipocytes
acquiring a brown adipocyte-like phenotype, both in vitro and in vivo 39, 201, 202.

Apart from ligand binding, PPARγ is regulated by several post-translational
modifications including phosphorylation and acetylation

203-205.

Furthermore, the

PPARγ coactivators 1 α and β (PGC1α, PGC1β) modulate its activity and the
interaction with retinoid X receptor (RXR) is required for DNA binding 98, 103, 206.

In mice, homozygous loss of Pparg is embryonically lethal due to several severe
complications

207, 208.

Heterozygously deficient animals are viable and do not

develop severe insulin resistance when fed a high fat diet. Several studies have

analysed the genetic deletion of Pparg expression in adipocytes using adipocytespecific Cre mice and yielded partially contradictory results. The gene ablation

either led to the death of both brown and white adipocytes, indicating PPARγ is
crucial for adipocyte survival

159.

Other studies showed complete loss of
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interscapular BAT in some of their mouse strains while not in others

209.

In one

case, the WAT accumulation and insulin resistance resulting from high fat diet
feeding was markedly reduced

209.

A similar study, however, measured increased

insulin resistance in fat and liver upon fat-specific Pparg knockout

210.

In every

case, the effects of the knockout on brown adipocytes in these studies are likely to
be influenced by the strong effects of Pparg loss in white adipocytes.

Therefore, I here describe a brown adipocyte-specific knockout of PPARγ to assess
its functions in mature brown adipocyte survival and function in vivo.

7.2. Efficiency and Efficacy of PPARγ Knockout
Three groups of animals were compared to analyse the role of PPARγ in mature

brown adipocyte function. Firstly, Ucp1-CreER x PPARγfl/fl (PPARγ-BAKO) that

allow for complete knockout of PPARγ in brown adipocytes. Secondly, PPARγfl/fl

littermates as the respective negative control expressing normal levels of PPARγ
also after tamoxifen treatment and, thirdly, Ucp1-CreER x PPARγfl/+ littermates
allowing a heterozygous knockout in brown adipocytes and serving as a control for

potential side-effects from Cre expression. Body weight curves of all three groups

were obtained from weaning up to the age of approximately 14 weeks and did not
show any substantial differences between the genotypes (data not shown). This
suggests that neither the floxed exon nor the Cre expression interferes with
normal murine development.

The animals were treated with tamoxifen to activate Cre-mediated recombination
at the age of approximately 14 weeks. No overt phenotype from Cre activation was

observed for the mice in either experimental group. Importantly, BAT was still
present in all animals and no gross macroscopic differences could be detected

between genotypes. Even when analysed 6 weeks after the tamoxifen treatment,
the interscapular BAT looked macroscopically unchanged.

In order to analyse the effects of PPARγ loss on gene expression in brown
adipocytes, interscapular BAT samples of mice after a three-day cold exposure

were subjected to RT-qPCR analysis. A highly efficient reduction of Pparg mRNA

levels compared to the Cre-negative control group was observed (Figure 32 A).

Pparg isoform 1, which is highly but not exclusively expressed in adipocytes, was
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reduced by approximately 90% and the more adipocyte-specific isoform 2 was

reduced by more than 95%. Deactivation of only one allele resulted approximately
in a halving of expression levels in all cases.

7.3. Loss of PPARγ Diminishes Brown Adipocyte-typical Gene Expression
To elucidate the impact of PPARγ on the maintenance of a functional brown
adipocyte phenotype in vivo, gene expression of some of the most important brown

adipocyte-typical transcripts was analysed. In line with the crucial role of PPARγ in
the formation of brown adipocytes, a strong decrease in the gene expression of

several important brown adipocyte-typical genes was observed (Figure 32 B).
Ucp1 mRNA level as the functional marker of the cells was reduced by
approximately 80%, Cidea was reduced to the same degree. Gene expression of

heterozygous knockout animals was more similar to control than knockout
animals but loss of one genomic Pparg copy already resulted in a measurably
changed gene expression. Ppara codes for the first identified member of the PPAR
transcription factor family and also plays a role in the activation of brown

adipocytes 211. Its mRNA levels were reduced to a similar extent as Ucp1 and Cidea.

Figure 32 Gene expression levels of PPARγ-BAKO and control animals after a 3-day
cold exposure. A) Confirmation of decreased levels of both Pparg
isoforms. B) Expression levels of important genes in brown adipocyte
function. Mean + SEM of n = 7-8. Statistics relative to Cre- control group.

7.4. PPARγ-negative Brown Adipocytes Exhibit a Changed Morphology
The histology of interscapular BAT was analysed at the same point, one week post
tamoxifen induction and after a three day cold exposure. Macroscopically, the fat
depot had a darker reddish colour and total mass of the tissue was significantly
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decreased in PPARγ-BAKO mice (data not shown). The tissue was embedded in
paraffin and HE-stained sections were analysed microscopically. In the BAT of

PPARγ-BAKO animals smaller adipocytes containing less and/or smaller lipid

droplets were observed (Figure 33 B). In agreement with this observation, the cell
density is profoundly increased (Figure 33 A). Taking into account the decrease in
BAT mass, the total cell number between the different genotype groups is
comparable.

Figure 33 Brown adipocytes of PPARγ-BAKO animals after cold stimulation are
smaller and less lipid-filled. A) Number of nuclei per area of images as in
(B), (> 2500 nuclei were counted). Mean + SEM of n = 7-8.
B) Representative images of HE-stained paraffin sections of
interscapular BAT. Size bar = 100 µm.

7.5. The Knockout Results in an Altered Metabolic Homeostasis in a Cold
Environment
Surprisingly, the aforementioned deficiency in BAT gene expression did not result
in a compromised ability to cope with a cold challenge. On the contrary, PPARγBAKO mice were able to keep an almost stable body temperature during an acute

cold stimulation. The rectal temperature was only slightly reduced after 8 h at 8°C
while a significant drop in body temperature could be measured in control animals
(Figure 34 A). After three days of cold stimulation, the body temperature of the

control animals was still slightly lower than that of PPARγ-BAKO animals (Figure

34 B). Thus, the loss of PPARγ in brown adipocytes led to metabolic changes that
allowed the animals to keep a higher body temperature by increasing heat
production or decreasing temperature loss.
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Figure 34 Body temperature changes during acute and long-term cold exposure.
A) Rectal temperature before and after mice were transferred from 23°C
ambient temperature to 8°C. B) Rectal temperature after 3 days of cold
exposure. Mean + SEM of n = 7-8. Statistics relative to Cre- control group.

No gross changes in the physiological and behavioural phenotype of the animals
were observed under normal housing conditions. Food and water consumption of
PPARγ-BAKO animals were identical to those of the control group at a regular

ambient temperature of 23°C, the same was true for locomotor activity (data now
shown). However, when housed at 8°C, the PPARγ-BAKO animals ate and drank
but did not move more (Figure 35 A, C), indicating a measurable effect on the

control of eating behaviour. In line with these observations, I also measured a

slight although not significant weight gain of PPARγ-BAKO animals during the

three-day cold exposure while the other groups had a rather constant average
body weight (Figure 35 B).

Interestingly, the PPARγ-BAKO had no effect on the respiratory quotient (RER) at
normal room temperature, however, the RER was significantly higher than in

control groups during the 8°C cold stimulation (Figure 35 D). This suggests that
PPARγ-BAKO led to a preferential use of carbohydrates instead of lipids as energy

sources, decreasing the cold-induced drop in whole body RER as a consequence.
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Figure 35 Physiological changes upon PPARγ knockout in BAT when the animals
are exposed to a cold environment at 8°C. A) Water and food intake,
averaged per 24 h. B) Body weight change during a three-day cold
exposure. C) Locomotor activity. D) Respiratory quotient, averaged per
24 h. Mean + SEM of n = 7-8. Statistics relative to Cre- control group.

7.6. Blood Lipid and Glucose Concentrations are Elevated after PPARγ Loss
in Brown Adipocytes
One possible explanation for the improved capability to cope with a cold challenge

is that the BAT lacking PPARγ switches from an aerobic metabolism mainly using
lipids as energy source to an anaerobic metabolism based on the increased use of

glycolysis to provide energy for thermogenesis. In this case, BAT would develop
into a glucose sink taking up large amounts of glucose from the blood. The

hyperphagia might be a secondary effect in this case to compensate the rapid loss

in glucose. However, random-fed glucose levels were even elevated in the cold-

stimulated PPARγ-BAKO animals, the difference almost reaching statistical
significance at the present group sizes (Figure 36 A). This renders a switch to

glycolysis within brown adipocytes an unlikely explanation for the observed
phentoype.
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Similarly, the concentration of lipids in the blood is also elevated in knockout
animals after a cold challenge. Triacylglycerols and cholesterol levels were

profoundly elevated and free fatty acid concentration was increased as well
although not statistically significant (Figure 36 B-C).

Figure 36 Blood concentrations of important metabolites after a three-day cold
exposure. Samples were taken from random-fed animals during the
second half of the dark phase. A) Glucose concentration. B)
Triacylglycerol and cholesterol concentration. C) Non-esterified fatty
acids concentration. Mean + SEM of n = 7-8.

7.7. Discussion
PPARγ is the most important transcription factor for the differentiation of both

brown and white adipocytes and also important for maintaining normal adipocyte

function. However, its functions in mature brown adipocytes are only partly

elucidated, as only data from total adipocyte knockouts have been analysed in vivo
and yield contradictory results concerning brown adipocytes 159, 209, 210.

The used strategy for ablating Pparg in mature brown adipocytes proved to be

very efficient with a reduction of both isoforms of >90% in total interscapular BAT.
As this transcription factor is also expressed at a lower level in preadipocytes and

early differentiating cells that are still UCP1-negative, the genomic recombination
in mature brown adipocytes can be considered to be virtually complete. This
confirms the aforementioned data of the equally efficient tdRFP activation by this

Cre mouse strain (section 4.2.3). The deletion of only one allele led to a reduction
of Pparg of about 40% and resulted in measurement values intermediate to the

control and knockout groups in virtually every parameter determined in this

study. This provides further support to the validity of the observed phenotypic
changes in PPARγ-BAKO animals.
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The first important finding was the simple observation that PPARγ–BAKO animals
possessed interscapular BAT. This means that PPARγ is not crucial for mature
brown adipocyte survival, in contrast to the conclusions of earlier studies

159, 210.

This discrepancy might be due to the fact that these conclusions were based on

studies using aP2-Cre or aP2-CreERT2 strains for deletion of the gene in all
adipocytes. This resulted in massively distorted lipid metabolism due to the

improper function or apoptosis of white adipocytes and consequently massively

increased metabolic stress for the remaining brown adipocytes. This additional
stress leading to lipid overload in brown adipocytes might be the main reason for

loss of brown adipocytes in these studies. The study using the inducible Cre system

found PPARγ-positive newly formed adipocytes replacing the eliminated PPARγnegative cells after several weeks

159.

This mechanism can be excluded as an

explanation here as the smaller but clearly lipid filled PPARγ-BAKO brown

adipocytes were observed at the same time point that confirmed > 95% reduction
of Pparg levels and the time frame between recombination and analyses was too
short for replacement of the mature adipocytes.

The alterations in the gene expression levels of important brown adipocyte-typical
genes were in accordance with the expectations because several studies reported a

more brown-like gene expression profile of adipocytes after activation of PPARγ
with TZDs

39, 201, 212.

Accordingly, I observed that loss of PPARγ led to strongly

reduced levels of Ucp1, Cidea and Cox7a1. Surprisingly, these changes did not lead

to a compromised ability to maintain body temperature in case of a cold challenge.
On the contrary, PPARγ-BAKO animals were able to keep up their body
temperature more efficiently than the control groups, both during an acute cold

stimulation as well as after several days at 8°C. The maintenance of body
temperature during an acute cold shock is not only dependent on non-shivering

thermogenesis in BAT but to a large extent on shivering of skeletal myocytes

13.

However, the genetic modifications in these animals are restricted to brown

adipocytes. Developmental differences resulting in a changed muscle physiology

can be excluded as the knockout was induced by tamoxifen in adult mice one week
prior to experimental analysis. Thus, the observed changes must have resulted

directly from changes in brown adipocyte function leading to increased heat
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generation or secondary effects on whole-body metabolism controlled by BAT.
This might include regulation of other tissues via secreted factors but to date little
is known about any BAT adipokines with systemic effects 213. Major adipokines like

leptin, resistin and adiponectin are predominantly expressed by white adipocytes
172, 214-216

(compare also section 5.5). FGF21 is released by brown adipocytes and

leads to increased recruitment and activation of classical brown and brite

adipocytes but circulating FGF21 plasma levels are mainly controlled by the liver

152, 153, 217, 218.

Alternatively, changes in circulating metabolite levels resulting from

impaired BAT function could mediate the effects or direct neuronal sensory
feedback could contribute to the phenotype.

Interestingly, PPARγ-BAKO animals were hyperphagic compared to control
animals when kept at 8°C. Both intake of chow diet and water were approximately

30% higher. This can explain the higher serum levels of glucose, triacylglycerols as

well as free fatty acids under random fed conditions after 3 days in cold conditions.
Hyperphagia in spite of elevated circulating nutrient levels implies alterations in

the hypothalamic control of eating behaviour and therefore neuronal contribution

to the observed phenotype, either directly from BAT or other metabolic tissues.
WAT function is subject to feedback loops of sensory and sympathetic innervation

219

and temperature-sensing neurons in BAT have been implied in the regulation of

non-shivering thermogenesis

220.

Along these lines, PPARγ knockout BAT could

show impaired non-shivering thermogenesis and a lower temperature during cold
stimulation. This could be misinterpreted as a sign of lacking nutrient supply and
lead to increased food intake via sensory innervation of BAT.

In contrast to what is observed in humans 221, the whole body RER was reduced in

mice after cold stimulation. However, this reduction was less prominent after the

loss of PPARγ in brown adipocytes, indicating a less pronounced switch from
carbohydrates to lipids as preferential energy source in the knockout animals. This

implies a higher percentage of glucose in the energy mix used for thermogenesis,
shivering or non-shivering. Consequently, either BAT should have a higher uptake
of glucose for heat generation or the elevated glucose levels resulting from the

hyperphagia led to increased glucose usage in other tissues. A likely possibility is

that skeletal muscle is mainly responsible for this change as it was shown in
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humans and rodents that the preferential energy source for shivering are
carbohydrates if sufficient supply is present 222, 223. The improved cold tolerance

could be due to improved nutrient supply to shivering muscles and be a secondary
effect of the observed hyperphagia during cold stimulation. In this case, the blood
glucose levels would be determined by an increase due to hyperphagia and a

decrease due to increased muscle uptake, the observed change being a slight
increase. This interpretation is in line with the fact that the triacylglycerol levels
are much more strongly and significantly increased. Their increase would be

mainly determined by the increased feeding behaviour of the animal but not that
strongly by increased clearance through brown adipocytes. Blood glucose levels
are also strongly determined by insulin and glucagon that are crucial parameters

for glucose clearance in skeletal muscle. To rule out a possible contribution of
alterations in pancreatic control of glucose metabolism, serum levels of these
hormones will be measured in future studies.

An alternative explanation for the improved cold tolerance could be that brown
adipocytes without PPARγ switch from an anabolic to a catabolic phenotype with

regard to their lipid metabolism. This would result in increased lipolysis and

β-oxidation, creating both the substrates and activators for UCP1 activity. Thus,
even the reduced UCP1 levels could supply a stronger thermogenesis than the

control BAT upon cold stimulation. The reduced size and smaller lipid droplets of

the brown adipocytes fit to this hypothesis. However, higher thermogenic capacity
in the knockout brown adipocytes is rather unlikely as not only the expression
level of Ucp1 but as well of every other functional brown adipocyte gene tested

was strongly reduced. Furthermore, the resulting preferential use of lipids for non-

shivering thermogenesis would have to decrease the RER compared to the control
group, not increase it. This further underpins that the observed phenotypic
changes are likely to result not only from BAT but also secondary effects on other
tissues.

To complement the in vivo analyses, in vitro knockdown of differentiated brown
adipocytes is currently being established to further study the effects of loss of

PPARγ in an isolated system without the confounding effects of other cell types.
Measurements of glucose uptake, uncoupling capacity and activity as well as
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lipolysis may clarify if the changes in brown adipocytes upon PPARγ loss are

sufficient to explain the observed systemic phenotype or if secondary effects on
other organs have to be included in the interpretation. Especially the profound
hyperphagia implies regulation of the central nervous system either directly via

afferent innervation of BAT or indirectly via changed levels of blood serum
components.

The observed effects indicate that the role of PPARγ in mature brown adipocytes is

more complex than previously thought. Its expression is not required for cell
survival but its loss strongly impacts cellular metabolism influencing whole body
metabolism at cold environmental temperature. PPARγ-BAKO animals are
hyperphagic at 8°C environmental temperature, indicating a direct or indirect role

for brown adipocytes in the regulation of feeding behaviour. Interestingly, PPARγ
ablation in brown adipocytes improves cold tolerance of the animals, potentially
via increased shivering of skeletal myocytes. While the underlying molecular
mechanism needs to be further elucidated, these results provide new insights into
the functions of PPARγ in the context of BAT.

Conclusions
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8. Conclusions
The accumulating evidence of the presence of functional brown adipocytes within
human adipose tissue depots based on PET-CT scans from the year 2009 onwards

led to a revival of the idea that mitochondrial uncoupling might provide an
efficient means to lose body weight. Non-shivering thermogenesis by UCP1 would
lower the metabolic efficiency by dissipating the stored energy of carbohydrates or

lipids as heat in a more controlled and confined way than the chemical uncouplers
sold in the 1930’s. To devise strategies for increasing thermogenic capacity and
activity, a detailed understanding of the formation, maintenance and function of

brown adipocytes is crucial. In mice, being the most widely used model organism
for studies of mammalian metabolism, two types of brown adipocytes can be

found. The classical brown adipcoytes within the interscapular depot have been

the focus of more studies and contribute the major part of thermogenic capacity

under normal circumstances, while the inducible brite ones are a more dynamic
cell population and reported to be more similar to the human brown adipocytes in
several respects. However, many of the important regulatory mechanisms in one of
these cell types have been shown to work very similarly in the other.

I could show that bidirectional transdifferentiation of brite and white adipocytes

into the opposed phenotype occurs during the adaptation to changes in

environmental temperatures. These studies demonstrate that the conversion from
a lipid storing into a lipid burning, thermogenic adipocyte is a physiological
process. This does not prove that the same interconversion is a mechanism of the
adipose tissue dynamics in adult humans. However, it clearly implies that mature
white adipocytes should be considered a putative target cell type for
pharmacological approaches to recruit human brown adipocytes. In order to

further extend the present conclusions, future studies will aim at the question
whether all white adipocytes are capable of transdifferentiation. Furthermore, the
molecular regulation of the transdifferentiation process will be studied, with a

special interest in factors already known to govern brown adipogenesis from
precursor cells. To date, several biological compounds have been reported to lead
to an increased number of brown or brite adipocytes and subsequently elevated
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energy expenditure in mice and will be of interest for studies on human
physiology. In order to further analyse the impact of these compounds and/or

develop small molecule analogues mimicking their effects, however, the
knowledge of the targeted cell population is of critical importance. Their

mechanism of action will have to be studied in the context of mature white
adipocytes.

During the formation of classical brown adipocytes from different precursor cells,
Serum response factor plays an inhibitory role, with its cofactor MRTF-A showing

a dominant regulatory function. Future studies using temporally and spatially
controlled SRF knockout in vivo and in vitro will show if this system also regulates

the transdifferentiation of mature white adipocytes into a brown phenotype.
Originally developed against metastasing cancer types, the small compound

inhibitor CCG-1423 was reported to target SRF/MRTF-A signalling. Its positive

effects on glucose tolerance in mice could be partially due to an increase in brown

adipocytes and it will be employed to further study the regulation of brown
adipocyte formation by SRF/MRTF-A.

PPARγ is the master regulator of brown and white adipogenesis, reported to be
crucial for adipocyte survival, and chronic activation of this transcription factor

results in a brown-like phenotype of adipocytes both in vitro as well as in vivo.

I could show that PPARγ is not necessary for brown adipocyte survival in vivo but
crucial for the maintenance of mature brown adipocyte function. More

importantly, alterations of brown adipocyte function after PPARγ loss have an

unexpected impact on food intake and energy homeostasis in the cold. Accordingly,
brown adipose tissue cannot be considered a mere effector tissue simply
responding to neuronal or circulating signals. These studies indicate that it could

also modulate the central nervous system control of eating behaviour and current
studies focus on the signalling route underlying this control.

Combined, these data provide important novel insights into the formation and

function of brite and classical brown adipocytes and might contribute to advances
in therapies against obesity and associated metabolic disorders.
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9. Appendix

Appendix Figure 1 CD137 and Tmem26 are predominantly expressed in the
stromal-vascular fraction of inguinal adipose tissue. Gene expression of
Tmem26 (A) and Cd137 (B) in the SVF and adipocyte fractions of adipose
tissues from young adult cold-stimulated and control mice. bSVF, bA = SVF
and adipocyte fraction of interscapular BAT, ingSVF, ingA = SVF and
adipocyte fraction of inguinal WAT, epiSVF, epiA = SVF and adipocyte
fraction of epididymal WAT. Mean + SEM of n = 6-7.
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Gene Symbol

bSVF

bA

ingSVF

ingA

epiSVF

epiA

Vnn1

7,59

9,04

7,81

11,85

8,36

11,56

Sucnr1

8,80

9,93

8,62

12,03

10,42

13,50

Sncg

11,12

9,58

9,16

12,78

9,87

14,72

Slc6a13

7,58

8,03

8,04

10,27

8,63

12,01

Slc6a13

7,74

8,12

8,36

10,55

8,89

12,26

Serpine1

10,53

10,53

9,54

13,56

10,10

13,95

Retn

10,74

13,45

9,40

14,81

11,17

16,04

Retn

11,32

13,91

10,06

15,37

12,04

16,37

Phgdh

10,13

10,99

11,03

12,90

10,81

14,25

Phgdh

11,51

12,19

12,38

14,17

12,18

15,48

Nnat

8,50

9,98

7,68

12,03

8,71

13,47

Lep

6,32

8,27

6,20

10,58

7,21

12,58

Ifi27l2a

13,30

14,30

13,54

16,58

13,16

16,52

Glb1l2

8,34

10,74

7,50

12,60

9,15

13,56

Bmp3

7,71

7,29

7,54

9,77

7,29

10,27

Adcy5

7,75

8,02

6,86

10,05

7,33

10,33

Adcy5

7,60

7,94

6,83

9,93

7,26

10,13

Appendix Table 1
Excerpt of microarray data depicting the 13 transcripts most
highly enriched in white adipocyte fractions compared to both classical
brown adipocytes as well as white fat SVF. Mean of n = 3 on logarithmic
scale (base = 2). Multiple probes per gene are shown when applicable.
bSVF, bA = SVF or adipocytes of interscapular BAT. ingSVF, ingA = SVF or
adipocytes of inguinal WAT. epiSVF, epiA = SVF or adipocytes of
epididymal WAT. Full data of the used microarrays has been entered into
the NCBI GEO database (GSE44059) and will be made publicly available
with the acceptance of the respective publication.
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Appendix Figure 2 Selected white adipocyte-enriched transcripts. Gene
expression of Adcy5 (A), Glb1l2 (B), Lep (C), Nnat (D), Phgdh (E), Retn (F)
and Sucnr1 (G) in the SVF and adipocyte fractions of adipose tissues from
young adult cold-stimulated and control mice. bSVF, bA = SVF and
adipocyte fraction of interscapular BAT, ingSVF, ingA = SVF and adipocyte
fraction of inguinal WAT, epiSVF, epiA = SVF and adipocyte fraction of
epididymal WAT. Mean + SEM of n = 6-7.
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Gene Symbol

Accession Number

Gene ID

Tbx2

NM_009324

21385

Tbx5

NM_011537

21388

Myocd

NM_146386

214384

Srf

NM_020493

20807

Rbm24

NM_001081425

666794

Olfr78

NM_130866

170639

Pcsk1

NM_013628

18548

P2rx1

NM_008771

18436

Pln

NM_023129

18821

Igf2

NM_010514

16002

4Cytl1

NM_001081106

231162

Zic1

NM_009573

22771; 100044533

Tbx15

NM_009323

21384

Lhx8

NM_010713

16875

Svopl

NM_177200

320590

Mgl1

NM_010796

17312

Sox6

NM_011445

20679

P2rx5

NM_033321

94045

Kcnk3

NM_010608

16527

Mlxipl

NM_021455

58805

Axin2

NM_015732

12006

Esrra

NM_007953

26379

Esrrb

NM_004452.3

2103

Esrrg

NM_011935

26381

Kng1

NM_023125

16644

Sec14l4

NM_146013

103655

Mmd2

NM_175217

75104

Sgk2

NM_013731

27219

Ntrk3

NM_182809

18213

Otop1

NM_172709

21906

Tas1r3

NM_031872

83771

Rbm35b

NM_176838

77411

Macrod1

NM_134147

107227

Popdc2

NM_022318

64082

Tmem143

NM_144801

70209

Hnf4a

NM_008261

15378

Pparg (control)

NM_011146

19016
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Gene Symbol

Accession Number

Gene ID

Ucp1 (control)

NM_009463

22227

Cidea (control)

NM_007702

12683

Appendix Table 2
Selected genes screened for their effect on brown adipocyte
differentiation in vitro.

Appendix Figure 3 Confirmation of SRF knockdown and over-expression by
adenoviral transduction in immortalised preadipocytes. A) Western Blot
depicting SRF and phospho-SRF levels 48 h after adenoviral transduction.
gamma tubulin was used as loading control. B) Gene expression of Srf and
Pparg in immortalised brown preadipocytes 48 h after viral transduction.
Mean + SEM of n = 3.
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