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SUMMARY

We investigated the effect of insulin, triiodothyronine (T3)
and dexamethasone (a synthetic glucocorticoid) on differ-
entiation, lipid metabolism and thermogenesis of
preadipocytes isolated from white fat (WAT) and brown
fat (BAT) from the Siberian dwarf hamster (Phodopus
sungorus). Cdl cultures from WAT and BAT were chron-
ically treated with the above hormones alone or in any
combination. After differentiation (day 8 or 9 of culture)
we measured the following parameters: adipogenic index
(number x size of adipocytes), protein content, lipolysis, cell
respiration, and expression of the uncoupling protein UCP,
which is unique to mitochondria of brown adipocytes.
Insulin was the most important adipogenic factor for
brown and white adipocytes and necessary for terminal
differentiation, whereas dexamethasone alone completely
inhibited differentiation. T3 had no effect on adipogenesis
in WAT cultures, but further increased insulin stimulated
adipogenesisin BAT cultures. Basal lipolysiswas higher in
WAT than in BAT cultures except when dexamethasone
was present, which stimulated lipolysis in both culture
types to the same extent. T3 had a pronounced dose

dependent lipolytic effect on WAT cultures but very little
effect on BAT cultures. Respiration rates were generally
higher in differentiated adipocytes than in fibroblast like
cells. T3 had no effect on thermogenesis in WAT cultures
but increased thermogenesisin BAT cultures, and thiswas
further elevated by insulin. UCP expression in BAT
cultures could be detected by western blot in insulin
treated, T3 treated and insulin + T3 treated cultures with
highest expression in the latter. These results imply a
possible dissociation of terminal differentiation and ther-
mogenic function of brown adipocytes. In WAT cultures
there was also a low level of UCP detectable in the insulin
+ T3 treated cultures. Immuno-fluorescence microscopy
analysis revealed the presence of UCP in 10-15% of
adipocytes from WAT cultures (in BAT cultures: 90%),
indicating the presence of some brown preadipocytes in
typical WAT deposits.
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INTRODUCTION

White adipose tissue (WAT) and brown adipose tissue (BAT)
both play an important role in mammalian energy equilibrium
because they are important for energy storage (WAT) as well
as energy dissipation (BAT). The thermogenic i.e. energy dis-
sipating function of brown fat is important for maintenance of
body temperature in small and newborn mammals, and for
arousal from the hypothermic state in hibernators. It is also the
source of the so-called diet induced thermogenesis, which can
be observed after overeating in several animal models
(Rothwell and Stock, 1986). Brown fat is, in contrast to white
fat, highly innervated and vascularised. Morphologically,
brown adipocytes can be distinguished from white adipocytes
by multilocular lipid inclusions and numerous, well devel oped
mitochondria, whereas white adipocytes are characterized by
one large lipid inclusion and very few mitochondria (reviewed
by Néchad, 1986). Brown fat mitochondria are equipped with

a unique protein, called uncoupling protein (UCP) which is a
proton translocator in the inner mitochondrial membrane and
functions as an uncoupler of the mitochondrial respiratory
chain (reviewed by Nicholls et a., 1986; Ricquier et al., 1991;
Klaus et al., 1991a). A UCP containing adipocyte is consid-
ered abrown adipocyte and it has repeatedly been reported that
typical white fat deposits can contain UCP expressing fat cells
(Loncar, 1991; Cousin et a., 1992). Although white and brown
adipocytes have quite different physiologica functions, it is
not yet clear if they represent truly different cell types or if a
conversion from one type into the other is possible. In larger
mammals an apparent conversion from BAT into WAT takes
place (Casteilla et al., 1989), but so far there exists no strong
evidence for a possible conversion from WAT into BAT.
Adipocyte cell cultures are widely employed as model
systems for terminal cell differentiation and numerous white
preadipocyte cell lines have been studied for many years
(reviewed by Cornelius et a., 1994). The first brown
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preadipocyte cell lines have been characterized only very
recently (Klaus et al., 1994; Kozak and Kozak, 1994).
Although cell lines can be useful tools, they suffer the disad-
vantage that as they are immortalized they might differ con-
siderably from tissue preadipocytes in regard to development
and energy metabolism. Development of white as well as
brown preadipocytes has therefore also been studied in
stromal-vascular preadipocytes isolated from WAT and BAT
of different species (Cornelius et a., 1994 and references
within; Rehnmark et al., 1989; Casteilla et al., 1991; Klaus et
al., 1991b; Champigny et al., 1992). Dueto species and culture
condition differences, results from the different studies even
concerning only one given adipocyte type are occasionaly
quite controversial. To draw conclusions from comparisons of
different studies concerning brown and white preadipocyte
differentiation seems thus rather arguable. However, to our
knowledge no extensive comparative studies have been
performed on development and metabolism from
preadipocytes isolated from WAT and BAT from the same
animal and cultured in parallel under identical conditions.

There are numerous hormones and other factors which play
a role in proliferation and differentiation of adipocytes
(reviewed by Ailhaud, 1990; Ailhaud et al., 1992; Butterwirth,
1994). Insulin and T3 were shown to be important for terminal
differentiation in some adipocyte cell models (Grimaldi et al.,
1982; Ailhaud, 1990; Hauner, 1990; Darimont et al., 1993).
Glucocorticoids are aso known to be involved in fat metabo-
lism and adipocyte terminal differentiation, athough their
effects seem to be different, depending on the time of addition
relative to the cell cycle (Xu and Bjdrntorp, 1990). As the
hormones mentioned have also been reported to be involved in
brown fat thermogenic function (Park et al., 1989; Geloen and
Trayhurn, 1990; Reiter et a., 1990) we decided to study the
effect of chronic treatment with insulin, T3 and dexamethasone
(asynthetic glucocorticoid) on differentiation and devel opment
of energy metabolism of brown and white preadipocytesin cell
culture.

We chose a comparative approach using stromal-vascular
preadipocytes isolated from WAT and BAT of the Siberian
hamster (Phodopus sungorus). This species has already proved
an excellent system for the study of brown adipocyte differen-
tiation (Klaus et al., 1991b). The Siberian hamster aso
possesses abundant white fat deposits and is prone to consid-
erable seasona changes in body fat, which makes it a good
candidate for the study of white adipocyte development. Fur-
thermore, we investigated the metabolic activity of adipocytes
cultured in vitro by measuring cell respiration in order to relate
these data to the physiological function of the two adipose
types in vivo.

MATERIALS AND METHODS

Cell cultures

Inguinal whitefat and several deposits of brown fat (axillar, supraster-
nal, interscapular, dorsal-cervical) from Siberian hamsters (Phodopus
sungorus) aged 4 to 6 weeks and kept at thermoneutrality (23°C) were
used for tissue cultures. Fat deposits from 4 to 6 animals of both sexes
were pooled for every tissue culture. The stromal-vascular fraction
was obtained after collagenase treatment as described by Klaus et al.
(1991b). Cells were inoculated in Petri dishes (10 cm or 6 cm

diameter) at approximately 1,500-2,000 cells/cm?. Cells were grown
at 37°C in air with 5% CO_ content and 100% relative humidity in
cell culture medium (50% modified Eagle’s medium (Gibco/BRL)
and 50% F12 Ham’'s F12 medium (Gibco/BRL) supplemented with
NaHCOsz (1.2 g/l), biotin (4 mg/l), Capanthotenate (2 mg/l),
glutamine (5 mM), glucose (4.5 g/l) and Hepes (15 mM, pH 7.4), peni-
cillin G (6.25 mg/l), and streptomycin (5 mg/l)). Until the third day
of culture, the medium was supplemented with 10% fetal calf serum
(FCS) then it was changed to 7% FCS. The medium was changed at
days 1 and 3. Hormonal supplements were added at day 3 unless
otherwise indicated. The medium referred to as standard culture
medium was supplemented with 17 nM insulin and 1 nM Ts. At the
indicated day of harvest, cell culture medium was aspirated and dishes
with cells were directly frozen and kept at —20°C until further
analysis.

Morphological cell analysis

Adipocytes were counted directly in the dish with a phase-contrast
microscope at a X100 magnification with an ocular grid correspond-
ing to atotal surface of 1 mm?2. At least four randomly chosen fields
were counted for each dish. Adipocytes could be distinguished from
preadipocytes by the presence of visible lipid droplets. For better visu-
alization, lipids were stained with O Red Qil and only cells positive
for this stain were considered as adipocytes. Adipocyte size was
measured at a x500 magnification using an ocular scale. For each cell
the width and the length were measured and multiplied in order to
obtain a surface index (expressed in um?). Total cell number was
assessed directly in aliquots of the suspended cells used for respira-
tion studies, using a Thoma counting chamber.

Lipolysis

The amount of glycerol released into the medium was determined as
an index for lipolytic activity of cells. Glycerol determination was
performed using a kit from Boehringer Mannheim (No. 148 270)
following the manufacturer’ sinstructions, except that the test volume
was scaled down to 600 pl. Samples of cell culture medium (50-100
pl) were drawn on the indicated days and frozen until measurement.
The glycerol content of medium containing 7% FCS (approximately
10.5 mg/ml) was subtracted from each value.

Cell respiration

Respiration was measured with a Clark type electrode at 31°C. This
temperature was chosen because at 37°C the electrodes were not very
stable and showed considerable drift. Cell medium was aspirated and
cells from one 10 cm dish were suspended in 1 to 2 ml of cell culture
medium (without FCS) containing 5 mM EDTA, which detaches cells
from the bottom. The culture medium used for respiration was
saturated with air, containing 5% CO». The cell suspension (1 ml,
which was gently pipetted several timesto ensure detachment of cells)
was immediately filled into the reaction chamber of the Clark
electrode, and oxygen consumption was continuously monitored on a
chart recorder. After afew minutes, isoproterenol (0.1 uM) was added
for measurement of B-adrenergic stimulation of cell respiration.
Finally, maximum i.e. uncoupled respiration rates were obtained by
addition of an uncoupler (FCCP, 0.1 uM). For each cell preparation
we thus obtained values for unstimulated, stimulated and uncoupled
respiration. For calculation of oxygen consumption, the medium was
considered to contain 433 nmol O/ml. An aliquot of the cell suspen-
sion was used for cell counting (see above). Protein content was deter-
mined by the method of Bradford. Cells were recovered after the
experiment and frozen for further analysis (e.g. western blot).

Western blot analysis

For western blot analysis total cell homogenates were prepared by
sonification of cellsin PBS. A 20 ug sample of total protein was used
for SDS-PAGE and immuno-blotting using a polyclona antibody
against Siberian hamster UCP as described (Klaus et al., 1991b),
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except that proteins were blotted on Hybond-C membrane
(Amersham) and an enhanced chemoluminescence (ECL) western
blotting detection system (Amersham, Germany) was used with a
horseradish peroxidase-conjugated second antibody according to the
manufacturer’s protocol. Signals were quantified by densitometrical
scanning of the films.

Indirect immuno-fluorescence microscopy

Suspensions of the stromal-vascular fraction of brown or white fat
tissues were dropped into wells of a multiwell-coverdip. After 2 hours
samples were covered with cell culture medium and cellswere cultured
asindicated above. At day 8 or 9 coverdlips were washed with ice-cold
PBS and fixed in ice-cold 95% ethanol/5% acetic acid for at least 10
minutes. Coverdlips were washed 3 timesin cold PBS. Cells were then
permeabilized consecutively at —20°C in 50% acetone, 100% acetone,
and 50% acetone for 1 minute each. The following steps were
performed at room temperature unless otherwise indicated. After
washing in PBS cells were incubated with 20% FCS in PBS for 40
minutes. After the PBS wash samples were incubated with the first
primary antibody (chicken serum against LPL, 1:1,000, diluted with I1F
dilution buffer (0.5% bovine serum albumin, 1% gelatin, 0.1% Tween-
20) for 1 hour in amoist chamber. Coverdlips were washed 3 timesin
PBS. Cells were incubated with second antibody (FITC-conjugated
goat anti-chicken 1gG, 1:10 (DAKO GmbH, Hamburg, Germany)
diluted with IIF buffer) for 1 hour in a moist chamber. After 3 washes
in PBS antibodies were fixed with 95% ethanol /5% acetic acid at—20°C
for 20 minutes. Then this procedure was repeated for a second primary
antibody (rabbit serum against UCP, 1:1,000 diluted in I1F buffer) and
second antibody (rhodamine-conjugated swine anti-rabbit 1gG, 1:40
diluted in IIF dilution buffer). After 3 washes in PBS samples were
stained with the DNA-specific dye DAPI (10 pg/ml, Sigma-Aldrich
Chemie GmbH, Deisenhofen, Germany) for 2 minutes. The coverslips
were mounted in 50% glycerol, 2.5% DAPCO (1,4-diazabicyclo-2.2.2-
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Fig. 1. Microphotograph of cultured stromal-vascular cells
isolated from white adipose tissue (WAT) and brown adipose
tissue (BAT). Preadipocytes were cultured from day 3in
medium containing 7% FCS and the indicated supplements.
At day 10 of culture cells were stained with O Red Oil which
specifically stains neutral lipids. Four different phenotypes
(PT) were obtained depending on hormonal supplements. Bar,
40 pm.

octan, Merck, Darmstadt, Germany) for stabilization of fluorescence.
Samples were examined using a Zeiss Axiophot microscope equipped
with fluorescence optics (40/0.9 neofluar objective).

RESULTS

Adipogenesis

In order to evaluate the effect of different hormones on white
and brown adipocytes in culture, we supplemented the cell
culture medium (containing 7% FCS) from day 3 onward, with
insulin (17 nM), T3 (1 nM), and/or dexamethasone (10 pM).
This experimental design resulted in 8 different groups: (1) no
addition (-); (2) insulin (1); (3) Tz (T3); (4) dexamethasone
(Dex); (5) insulin + T3 (1+T3); (6) insulin + dexamethasone
(I+Dex); (7) T3 + dexamethasone (T3+Dex); (8) insulin + T3
+ dexamethasone (1+T3+Dex).

In preliminary experiments, medium supplemented with
charcoa treated FCS or non treated FCS was compared in
order to evaluate a possible T3z contamination of FCS.
However, no difference in either cell morphology or respira-
tion could be detected between the two FCS types (not shown).
The different hormonal treatments resulted in 4 different phe-
notypes, both in BAT and WAT cultures (Fig. 1). In phenotype
I clusters of rounded cells with very little lipid accumulation
were located amongst fibroblast like cells. This corresponds to
the groups with no addition or only Tz addition (groups 1 and
3). We shal refer to these cells as poorly differentiated
adipocytes. Phenotype Il was characterized by clusters of fully
differentiated, mature adipocytes with numerous, big lipid
droplets. This corresponded to the groups with insulin and
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insulin + T3 addition (groups 2 and 5). In phenotype Il no
apparent terminal differentiation took place, cells resembled
fibroblast like precursor cells with no lipid inclusion (termed
non differentiated cells). Thiswasthe case in cells treated with
dexamethasone and dexamethasone + T3 (groups 4 and 7).
Finaly, phenotype IV was characterized by numerous single
adipocytes which were not arranged in the typical cluster
pattern, but rather singled out. This corresponded to the groups
treated with insulin + dexamethasone and insulin + dexa-
methasone + T3 (groups 6 and 8). Taken together these results
mean that T3 had no influence on the phenotype of cultured
WAT and BAT cells; insulin, however, wasimportant for lipid
accumulation, i.e. acquirement of a terminaly differentiated
phenotype. Dexamethasone completely inhibited adipocyte
differentiation when added alone (Table 1) and together with
insulin it till prevented the formation of the typical cluster
pattern of differentiated adipocytes.

We investigated more closely the different adipogenic
actions of the different hormones (Table 1). The total number
of lipid containing cells (including both poorly and fully dif-
ferentiated adipocytes) was significantly higher when cultures
were treated with insulin (100 and 91 adipocytes'mn? in WAT
and BAT, respectively) than in the cultures treated only with Tz
or without hormonal supplements. In this respect no difference
was found between cultures of BAT and WAT. Nevertheless,
in phenotype |l there was a difference in size between white
and brown adipocytes. As can be seen in Table 1, adipocytes
from cultured WAT were significantly bigger than adipocytes
from BAT cultures when treated with insulin or insulin + Ta.
Interestingly, when insulin was present, Tz had a positive effect
on adipocyte sizein BAT cultures but not in WAT cultures. T3
alone had no effect on either adipocyte size or number. As
adipocyte size correlates with lipid accumulation, we defined
an adipogenic index by multiplying the number of lipid con-
taining cells with the adipocyte size. The adipogenic index is
thus an indicator for the adipose conversion of a given cell
culture. Fig. 2 shows the adipogenic index of cell cultures from
WAT and BAT treated with different hormones. In both cell
culture types the adipogenic index was very low in the absence
of insulin. In the presence of insulin the adipogenic index of
WAT cultures was twice as high as that of BAT cultures. T3
had no influence on WAT cultures, but increased the adipogenic

index of BAT cultures by about 45% in the presence of insulin.
When dexamethasone was present in addition to insulin, the
adipogenic index of both adipocyte culture types was the same.
Protein content increased with differentiation state and in both
cultures the protein content was significantly elevated only in
phenotype Il cultures, i.e. after treatment with insulin or insulin
+ T3 (Table 1). This result corroborates the importance of
insulin for terminal differentiation.

Lipolysis

Basal lipolytic activity was distinctly different in BAT and
WAT cultures. WAT cultures supplemented with insulin and
T3 released over 5 times as much glycerol into the medium as
corresponding BAT cultures (Table 1). When adipocyte differ-
entiation wasinhibited by the addition of dexamethasone, there
was no glycerol release at all, which means that lipolysis was
restricted to differentiated adipocytes. (Negative values
indicate that there was even a dight uptake of glycerol from
the culture medium in these cases) As the number of
adipocytes was different depending on culture conditions, we
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Fig. 2. Adipogenic index (number x size of adipocytes) from
cultured stromal-vascular cells isolated from white adipose tissue
(open bars) and brown adipose tissue (filled bars). Preadipocytes
were cultured from day 3 in medium containing 7% FCS and
indicated hormonal supplements (see text for abbreviations). Size
and number of adipocytes were measured at day 8 of culture and
adipogenic index was calculated from the mean values listed in
Table 1.

Table 1. Effect of culture medium supplements on adipogenesis and lipolysis

Total cell Number of Adipocyte Totd protein Glycerol released
number adipocytes surface index content into medium
(per mm?) (per mm?) (um?) (mg/10° cells) (Hg/plate)
WAT BAT WAT BAT WAT BAT WAT BAT WAT BAT

None 246+23 241+44 57.7+3.8 52.2+4.5 275+18 258+32 0.67+0.06 0.63+0.08 78+18 21+10
| 27521 294+40.3 100.6+5.3* 91.2+2.9* 957+68* 460+£22*t  0.97+0.06* 0.93+0.07* 250+30* 92+32* .t
T3 268+21 239+23.1 50.7+4.8 59.2+5.9 321+30 274120 0.66+0.03 0.74+0.05 111+29 36+11*t
Dex 199+15 215+25 0 0 - - 0.55+0.06 0.54+0.11 —6+6* —27+8*
1+T3 295+23 281+24 102.3+5.2* 85.5+5.2%t  913+39* 706+38* 1t  1.02+0.06* 1.05+0.12* 280+26* 53+12* .t
1+Dex 304+46 275+47 75.6+4.1* 74.8+5.3* 591+30* 611+40* 0.59+0.06 0.54+0.11 587+46* 583+37*
T3+Dex 189+30 213+37 0 0 n.d. n.d. 0.62+0.09 0.63+0.18 —27+19* -15+19
1+T3+Dex 229+23 212+20 84.6+7.4* 53.6+10.0 n.d. n.d. 0.66+0.04 0.64+0.07 1205+99* 748+103*

Cell number and size index was obtained asindicated in the text. Protein content was determined by a Bradford assay. All values are means + s.e.m. from

multiple experiments (at least 5 different cell cultures) from day 8 or 9 of culture.
*Value significantly different (P<0.05) from non-treated control.
tValue of BAT culture significantly different (P<0.05) from corresponding WAT culture. n.d. not determined.




calculated the glycerol released per adipocyte which is shown
in Fig. 3. White adipocytes released consistently more glycerol
than brown adipocytes, unless dexamethasone + insulin were
supplemented. Dexamethasone had in both fat culture types a
pronounced lipolytic effect (in the presence of insulin)
throughout the whole culture period. Interestingly, dexam-
ethasoneinduced lipolysis was further elevated by the presence
of T3in BAT aswell asin WAT cultures. In order to examine
more closely the effects of dexamethasone and T3 on lipolysis
of brown and white adipocytes, we measured the glycerol
release induced by 48 hours treatment with different concen-
trations of dexamethasone and T3 (Fig. 4). At 1 nM, dexam-
ethasone already had a pronounced lipolytic effect on both
WAT and BAT cultures. Tz on the other hand, strongly
increased lipolysis in WAT cultures in a dose dependent
matter, but had little effect on BAT cultures even at high con-
centrations.

Cell respiration
Using a Clark type electrode we could measure respiration rates
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Fig. 3. Lipolysis of adipocytes from WAT (open bars) and BAT
cultures (filled bars). Preadipocytes were cultured from day 3 in
medium containing 7% FCS and indicated hormonal supplements
(seetext for abbreviations). Glycerol content of the culture medium
was measured at day 8 of culture and the glycerol released per
adipocyte was cal culated from the mean values listed in Table 1.
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i.e. metabolic activity of cultured BAT and WAT cells. In Table
2 the mean respiration rates of BAT and WAT cultures grown
with different hormonal supplements are summarized. In both
culture types respiration rates were lowest when adipocyte
differentiation was inhibited by the presence of dexamethasone,
i.e. in phenotype I1. In the presence of insulin, when differen-
tiated adipocytes were present, unstimulated as well as
maximum (uncoupl ed) respiration was always higher. Aswe had
estimated the number of differentiated adipocytesin the different
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Fig. 4. Dose response curve of lipolysis of WAT and BAT cultures
treated with dexamethasone or T3 for 48 hours. Preadipocytes were
cultured from day 3 in 3 cm Petri dishes in medium containing 7%
FCSand 17 nM insulin. At day 6 dexamethasone (A) or T3 (B) were
added and glycerol content in the medium was measured 48 hours
later (day 8). Glycerol content before the addition was subtracted
from the values.

Table 2. Effect of culture medium supplements on cell respiration

Respiration Respiration Respiration
non stimulated +isoproterenol +FCCP

(nmol O/min per 106 cells) (nmol O/min per 106 cells) (nmol O/min per 106 cells)

WAT BAT WAT BAT WAT BAT
None 9.4+0.9 9.1+1.0 12.3+x1.2 10.8+1.3 19.1+4.3 14.6x2.0
| 19.2+4.6 25.1+6.1 23.2+4.8 30.7+6.9* 28.3+4.4 41.2+5.9*
T3 10.7+1.2 23.6+4.2 T 13.7+£1.7 30.6+5.2% T 17.0£1.9 29.4+5,5*
Dex 2.7+1.5* 3.5+1.1* 3724 4.9+1.9 6.9+2.7 7.0£2.8
[+T3 28.6£6.5* 52.7+6.6* T 35.447.2¢ 72.5£10.7+ 1 42.3+6.9% 85.4+11.2+ 1
1+Dex 15.4+4.2 13.4+3.8 18.3+35 17.0+£3.8 31.1+4.4 22.5+4.5
T3+Dex 5.3+15 3.9+1.1 8.9+2.3 4.2+1.3* 11.3+2.6 6.2+2.5%
1+T3+Dex 19.1+5.6 18.2+5.1 22.5+4.7 27.0t54 27.6+£3.7 28.4+6.0

Respiration rates of dispersed cells from WAT and BAT cultures with different hormonal supplements. All values are means + s.em. from at least 4 different

cell cultures at day 9 of culture.
*Value significantly different (P<0.05) from non-treated control.

Tvalue of BAT culture significantly different (P<0.05) from corresponding WAT culture.
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Fig. 5. Respiration rates of adipocytes from WAT (open bars) and
BAT cultures (filled bars). Preadipocytes were cultured from day 3in
medium containing 7% FCS and indicated hormonal supplements
(see text for abbreviations). Respiration was measured at day 9 and
adipocyte specific respiration rates were calculated from the values
listedin Tables 1 and 2.

culture conditions as well asthe total cell number (Table 1), we
could thus cal cul ate the respiration per adipocyte, by subtraction
of respiration of non differentiated cells (mean va ue of 3.9 nmol
O/min per 106 cells). Fig. 5 shows the non stimulated respira-
tion and the isoproterenol induced increase in respiration of
adipocytesfrom BAT and WAT cultures. It should be noted that
even in WAT cultures the respiration of mature adipocytes was
over 10 times higher than that of non differentiated cells (46
nmol O/min per 10° adipocytes versus 3.9 nmol O/min per 1P
cells) and there is an excellent correlation between respiration
and adipogenic index. Anincreased respiratory capacity can thus
be considered as an additional marker of terminal differentiation
for white adipocytes. In both culture types non stimulated res-
piration as well as [3-adrenergic induced increase in respiration
was highest when cells were grown with insulin + Tz. However,
in this case adipocytes of BAT cultures had much higher respi-
ration rates than those of WAT cultures. Thisis aso reflected in
cytochrome c oxidase activity, which was 84 nmol O/min per
106 total cellsin WAT cultures compared to 147 nmol O/min
per 108 total cells in BAT cultures (both treated with insulin +
T3). A further difference between WAT and BAT cultures was
the increased respiration of poorly differentisted BAT
adipocytes due to T3 alone, without addition of insulin. The 3-
adrenergic stimulation of adipocyte respiration, i.e. thermogen-
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Fig. 6. Western blot analysis of UCP expression in total cell
homogenates from WAT (open bars) and BAT (filled bars) cultures
at day 9. Preadipocytes were cultured from day 3 in medium
containing 7% FCS and indicated hormonal supplements (see text for
abbreviations). A 20 ug sample of total cell protein was separated by
SDS-PAGE, blotted onto Hybond C membrane and probed with anti-
UCP immune serum using an ECL detection system. Signals were
quantified by densitometrical scanning. Maximum UCP expression
was set at 100% and relative UCP expression in 106 cells was
calculated. Means of three independently performed cell cultures are
shown.

esis was two and three times higher in BAT cultures than in
WAT cultures supplemented with Tz and insulin + T3, respec-
tively. Fully differentiated brown adipocytes cultured in
standard medium (insulin + T3) increased their respiratory
capacity by 40 times as compared to non differentiated cells. The
maximum, uncoupled respiration of 260 nmol O/min per 10°
adipocytes was reached by brown adipocytestreated with insulin
+ T3. This is very similar to respiration rates found by Neder-
gaard et a. (1977), who evaluated respiration of freshly isolated
adipocytes from Syrian hamster brown fat. They report nora-
drenaline stimulated respiration rates of about 230 nmol O/min
per 106 freshly isolated adipocytes.

UCP expression

Asthe uncoupling protein UCP represents a qualitative marker
for brown adipocytes, we analyzed the UCP expression in the
cell cultures by western blot analysis and immuno-fluorescent
assay. Fig. 6 shows the level of UCP expression in total cell
homogenates (20 pg protein of WAT and BAT cultures). In
BAT cultures UCP expression was only significant in cells
treated with insulin, T3, and insulin + T3 with highest levels
always in insulin + T3 treated cultures. This pattern of UCP
expression is very much like the one of respiration rates (Fig.
5). Taken together with the adipogenic index this means that
in brown adipocytes it is possible to dissociate to a certain
extent terminal differentiation from thermogenic function. As
UCP expression is restricted to brown adipocytes, we did not
expect aUCP signal in WAT cultures. However, aweak signal
was apparent in the insulin + T3 treated cells which could
indicate the presence of brown adipocytes in this cultures. As
western blot analysis does not permit us to discriminate
between changes in UCP expression per cell and the number
of UCP expressing cells, we performed an immuno-fluores-
cence microscopy study to address this problem. Fig. 7 shows
typical examples of immuno-fluorescent detection of lipopro-
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Fig. 7. Microphotograph of cultured stromal-vascular cellsisolated from white adipose tissue (WAT) and brown adipose tissue (BAT).
Preadipocytes were cultured from day 3 in medium containing 7% FCS, supplemented with T3 (1 nM) alone or insulin (17 nM) + T3 (1 nM).
I: phase contrast image with DAPI stain of nucleus (blue), 11: immuno-fluorescent imaging of LPL (FITC, green) I11: immuno-fluorescent
imaging of UCP (rhodamine, red). I, 11, and I11 are from the same microscopic field. Bar, 40 pm.

tein lipase (LPL) and UCP in WAT and BAT cultures treated
only with T3 or insulin + Ts. LPL was used as a marker for
adipocyte differentiation and we found an excellent correlation
between cells which we considered as adipocytes by visual
criteria (i.e. lipid inclusions) and LPL positive cells. UCP-
expression was always restricted to LPL-positive cells. It was
found in about 90% of adipocytes from BAT cultures and in
10-13% of adipocytes from WAT cultures (Fig. 8) under
standard culture conditions (insulin + T3). This means that the
low expression of UCP found by western blot analysisin WAT
cultures was due to the existence of a certain percentage of
brown adipocytes within WAT cultures and not to a low
‘leaky’ expression of UCP in white adipocytes. The immuno-
fluorescent image (Fig. 7) also confirms the expression of UCP
in some cells of BAT cultures treated only with T3z although
these cells do not resemble fully differentiated adipocytes.
Using immuno-fluorescence microscopy it is how possible to
discriminate clearly between white and brown adipocytes.

DISCUSSION

Due to the quite opposite physiological functions of brown fat
and white fat in mammalian energy metabolism, the compara-
tive study of white and brown adipocyte development and

metabolism is important for the elucidation of cellular compo-
nents of energy metabolism. For small mammals like the
Siberian hamster, brown fat is a powerful tool for survival in
the cold due to its thermogenic function. White fat is very
important as an energy store and its mass and metabolic
activity is known to be highly regulated in this species. In our
investigation we therefore focused on several function-related
parameters that are known to be important in vivo conditions
and for the differentiation state of cultured cells.

Terminal differentiation

Dexamethasone completely inhibited white and brown
adipocyte differentiation without having an effect on total cell
number, i.e. proliferation (Table 1). Thisis somewhat surpris-
ing, asitisknown to beimplicated in terminal adipocyte differ-
entiation (reviewed by Ailhaud et al., 1992; Cornelius et al.,
1994). But as our culture medium contained 7% FCS, possible
interactions with serum factors cannot be excluded. Further-
more the effect of dexamethasone was shown to be different
depending on the time of its addition (Xu and Bjérntorp, 1990)
and in our cultures it was added before confluence. Anyway,
the complete inhibition of adipocyte differentiation by dexam-
ethasone provides us with excellent control groups. Our culture
conditions thus permit us to distinguish between 3 distinct
differentiation types (non differentiated cells, poorly differen-
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Fig. 8. UCP expressing adipocytesin cultures from WAT (open
bars) and BAT (filled bars) at day 8 and 9. Preadipocytes were
cultured from day 3 in medium containing 7% FCS, supplemented
with insulin (17 nM) and T3 (1 nM). UCP expression was limited to
LPL expressing cells which were considered adipocytes. Shown are
the percentages of adipocytes (+ s.e.m.) positive for UCP from
multiple wells of one cell culture.

tiated adipocytes and fully differentiated adipocytes), both by
morphological and by metabolic criteria. Non differentiated
cells showed no phenotypic characteristics of adipocytes
(rounded shape, lipid accumulation) had low respiration rates
(approximately 4 nmol O/min per 10° cells) and no lipolytic
activity. These cells were indistinguishable in WAT and BAT
cultures. Poorly differentiated adipocytes were rounded,
displayed few lipid inclusions, showed basal lipolysis, and had
severalfold increased respiration rates (e.g. 27 nmol O/min per
105 adipocytesin non treated WAT cultures). Finally, fully dif-
ferentiated adipocytes were characterized by large triglyceride
accumulations (i.e. larger size), basal lipolytic activities and
further increased respiration rates (e.g. 45 nmol O/min per 106
adipocytes in non treated WAT cultures).

Differentiation of many cell types is accompanied by
increased protein synthesis and triglyceride accumulation is
generally considered a marker for terminal adipocyte differen-
tiation (Ailhaud et a., 1992; Cornelius et al., 1994). Applying
these two criteria, it is obvious that insulin was the prerequisite
for terminal differentiation of both white and brown adipocytes,
because it significantly increased protein content and adipocyte
size (asanindex for lipid accumulation) in both WAT and BAT
cultures (Table 1). Furthermore it increased the number of cells
differentiating into adipocytes (Table 1) resulting in a 7-fold
increase in the adipogenic index of WAT cultures (Fig. 2). For
WAT cultures insulin was even the only hormona factor
necessary for terminal differentiation. It cannot be excluded that
this effect of insulin was mediated by IGF-1 receptors rather
than insulin receptors as the concentration used (17 nM) is
rather supra physiological and therefore likely to act via IGF-1
receptors (reviewed by Cornelius et al., 1994).

The hormonal regulation of brown adipocyte terminal differ-
entiation proved to be more complex. Adipocyte size (i.e. lipid
accumulation) was significantly increased by about 65% when

T3 was present in addition to insulin (Table 1). A similar
picture evolves if we consider cell respiration as a marker for
terminal differentiation, because T3 further increased basal
brown adipocyte respiration to 165 nmol O/min per 106
adipocytes as compared to 72 nmol O/min per 106 adipocytes
with insulin alone (Fig. 5).

Lipid metabolism

The main function of adipose tissue liesin its capacity for lipid
storage and lipid mobilization and both white and brown
adipocytes are equipped with the necessary ‘ machinery’ for lipo-
genesisand lipolysis. The hormonal regulation, however of lipid
storage and lipid mobilization can be quite different in white and
brown fat. Lipoprotein lipase activity for example is decreased
in white fat upon adrenergic stimulation, but is increased in
brown fat (Carneheim et a., 1988). The hormonal regulation of
lipogenic and lipolytic capacity in developing white and brown
adipocytes is thus of special interest. Here we used adipocyte
sizeasan index of triglyceride accumulation and glycerol release
into the medium as an index of thelipolytic activity. Lipid accu-
mulation has already extensively been discussed above, but it is
obviousthat in our culture system white adipocytes had a higher
lipogenic capacity as well as basal lipolytic activity than brown
adipocytes (Table 1, Fig. 3). The lipolytic capacity, however,
was the same in both adipocyte types because it was stimulated
to exactly the same extent by dexamethasone (Fig. 3) and in the
same dose dependent manner (Fig. 4). The lipolytic action of Tz
on the other hand was very different on white and brown
adipocytes. Treated with 1 pM Tz, WAT cultures released 4
times more glycerol within 48 hoursthan did BAT cultures (Fig.
4). Taken together, these results imply higher triglyceride turn-
over rates in white adipocytes and a more stringent regulation
of lipolysis in brown adipocytes.

Thermogenesis

Thermogenesis in brown adipocytes is due to the uncoupling
protein UCP whose expression is unique to the mitochondria
of brown adipocytes (Cannon et al., 1982; Ricquier et a.,
1992). UCP is therefore classically considered the qualitative
marker protein for brown adipocytes as compared to white
adipocytes and often used as an index for thermogenic
capacity. However, from a physiological point of view, the
important difference between the two adipose types is the high
respiratory i.e. heat producing capacity of brown adipocytes
compared to the very low respiratory capacity of white
adipocytes. Brown fat thermogenesisis under the control of the
sympathetic nervous system, acting through B-adrenergic
receptors (Seydoux and Girardier, 1978; Bukowiecki et d.,
1981). In order to investigate more directly the thermogenesis
of cultured adipocytes, we measured UCP expression as well
as unstimulated respiration and the stimulation of respiration
by a B-adrenergic agonist (isoproterenol). This method has
been used to evaluate the thermogenesis of brown fat cells
isolated from the brown fat of animals adapted to different tem-
peratures (Bukowiecki et a., 1980; Locke et al., 1982). To our
knowledge, respiration measurements have only once been
applied to cultured preadipocytes from WAT and BAT
(Néchad et al., 1983); however, those respiration rates were
very low compared to our data and no stimulation by (3-adren-
ergic agonist was found.



Our results show clearly that devel opment of increased ther-
mogenic capacities of brown adipocytes depends largely on the
hormonal environment during differentiation. T3 proved to be
very important as assessed by respiration measurementsaswell
as UCP detection (Figs 5, 6, and 7). T3 was able to increase
thermogenesis as well as UCP expression alone and synergis-
tically with insulin. This corroborates and extends previous
studies which have shown the importance of T3 for UCP
expression in vivo (Silvaand Bianco, 1990; Reiter et al., 1990)
and invitro (Rehnmark et al., 1990; Klaus et al., 1991b; Guerra
et a., 1994). In cultured WAT preadipocytes a small effect of
T3 on thermogenesis was observed (Fig. 5B). But if we take
into account that 10 to 15% of adipocytesin WAT cultures are
really brown adipocytes (Fig. 8) and subtract the respective
respiration rates, the B-adrenergic induced increase in respira-
tion of white adipocytes was very similar in all experimental
groups (between 6.5 and 8.5 nmol O/min per 10° adipocytes)
and thus 7 to 8 times |ower than the value for brown adipocytes
treated with isulin + T3 (61 nmol O/min per 10° adipocytes).
This increase in respiration is surprisingly similar to the nor-
epinephrine induced stimulation of respiration of brown
adipocytes isolated from warm adapted guinea pigs (Locke et
al., 1982; Rafael et a., 1986). Adipocytes isolated from cold
adapted guinea pigs and thermoneutrally kept rats were
reported to show up to 10-fold increased respiration rates upon
stimulation by p-adrenergic agonists (Locke et al., 1982,
Bukowiecki et al., 1980, Rafael et al., 1986). It will be inter-
esting to use our culture system in order to investigate if the
presence of (3-adenergic agonists will improve the thermogenic
capacity of brown adipocytes differentiated in vitro. Overal, a
very good correlation of adipocyte thermogenesis (Fig. 5B)
with UCP expression (Fig. 6) indicates that UCP is functional
in brown adipocytes differentiated in vitro. Relatively high
unstimulated respiration rates in our study (up to 164 nmol
O/min per 108 adipocytes) might indicate that respiration of
these cells is, in culture, already partially uncoupled in the
absence of adrenergic stimulation.

Although in the inguinal fat pad that we used for isolation
of preadipocytes normally no UCP (protein or mRNA) could
be detected (data not shown), we could detect UCP in total cell
homogenates of WAT cultures treated with insulin + T3 (Fig.
6). Our immuno-fluorescent results prove that this was not due
to an expression leakage but that UCP expression was confined
to discrete sub-populations of adipocytes. This corroborates
results obtained in vivo, indicating the presence of UCP
expressing fat cellsi.e. brown adipocytes, in typical white fat
deposits (Longar, 1991; Cousin et a., 1992). It will be inter-
esting to investigate if P-adrenergic stimulation during
adipocyte development might increase the number of UCP
expressing cells, i.e. recruit new brown adipocytes in WAT
cultures. This is now possible using immuno-fluorescent
detection of UCP expression.

Considering the very low metabolic activity of white fat in
Vvivo, the respiration rates of cultured white adipocytes seem to
be rather high. This is partly due to the presence of brown
adipocytes as shown in Fig. 8. However, it is also possible that
mitochondria are more abundant during early development of
white adipocytes and reduced later on. Therefore it will be
interesting to investigate the thermogenic capacity of WAT and
BAT cultures during long term cultures.
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Conclusions

Using a comparative approach we could clearly demonstrate a
different determination of brown preadipocytes as compared to
white preadipocytes. The major difference between the two
preadipocyte types lies in their reaction to Tz, which evokes
different metabolic responses in the two preadipocyte types.
The presence of T3 is necessary for the development of
maximal thermogenic capacity of brown adipocytes but does
not increase the thermogenic capacity of white adipocytes. It
remains to be established if this is due to different character-
istics of T3 binding to nuclear receptors or post receptor
binding events. Our results also demonstrate for the first time
in brown adipocytes a dissociation of the thermogenic function
from the lipid storage function. The hormonal regulation of the
|atter appearsto be very similar in white and brown adipocytes,
whereas the ability to develop thermogenic functions seemsto
be intrinsic to brown preadipocytes.
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