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Developmental Changes in Uncoupling Protein 1
and F1-ATPase Subunit Levels in the Golden Hamster
Brown Adipose Tissue Mitochondria as Determined
by Electron Microscopy in situ Immunocytochemistry
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Abstract. The postnatal developmental changes in mitochondrial uncoupling pro-
tein 1 (UCP 1) and F1-ATP synthase (ATPase) subunit levels in the interscapular
brown adipose tissue (BAT) were studied in golden Syrian hamsters (Mesocricetus
auratus) using electron microscopy in situ immunocytochemistry. The relatively
low initial density of 5 nm gold conjugated anti-UCP 1 immunocomplexes gradu-
ally increased from 7- to 21-day-old animals and numerous immunocomplexes were
found on the mitochondrial membranes of adult hamsters. At the age of 7–9 days, a
positive reaction was also detected in the cytoplasm of BAT adipocytes. Immunolo-
calization of F1-ATPase subunit indicated its presence in BAT mitochondria and
cytoplasm of 7- to 9-day-old animals. However, contrary to UCP 1, intensity of
the immunostaining of F1-ATPase subunit rapidly decreased both in mitochondria
and cytoplasm between the 10th and 21st postnatal day and it became stabi-
lized in adult animals at a very low level restricted to mitochondria. These results
confirm that profound changes in the enzymatic apparatus of BAT mitochondrial
membranes, leading to formation of thermogenic mitochondria, occur not until the
early postnatal period of hamster ontogenetic development.

Key words: Immunoelectron microscopy — Uncoupling protein 1 — Mitochon-
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Introduction

In the mammalian body, brown adipose tissue (BAT) plays an important role in
thermogenesis. The BAT’s ability to generate heat is based on the function of the
tissue-specific uncoupling protein 1 (UCP 1) localized in numerous mitochondria
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(for review see Nicholls et al. 1986). The UCP 1 is a 32 kDa protein that uncouples
the proton electrochemical gradient produced by the respiratory chain from ATP
synthesis, ensured by the phosphorylating action of mitochondrial ATP synthase
(ATPase) (for review see Nedergaard and Cannon 1992). At present, several UCP
proteins are known and genes related to different UCP proteins have recently been
found to be expressed both in the BAT and in a number of other tissues (Boss et
al. 1997; Fleury et al. 1997; Brauner et al. 2001, 2003; Kopecký et al. 2003; Škárka
et al. 2003). Their function, however, is not yet fully understood, but it seems to
be other than thermogenesis (for review see Ricquier and Bouillaud 2000; Ježek
2002).

A characteristic feature of BAT is the high amount of mitochondria with un-
usually low levels of the ATPase complex (Smith et al. 1966; Prusiner et al. 1970;
Houštěk et al. 1991). The final ratio between oxidative and phoshorylating capacity
varies not only among different species, but also during development (Cannon et
al. 1977; Houštěk et al. 1988, 1990a,b,c, 1993; Kopecký et al. 1990). The critical
event in the process of formation of BAT specific thermogenic mitochondria is the
expression of UCP 1 gene resulting in the synthesis and incorporation of UCP 1
molecules into the inner mitochondrial membrane and the parallel decrease of the
synthesis of mitochondrial ATPase.

In the rat and mouse, the conversion of nonthermogenic mitochondria to ther-
mogenic ones takes place prenatally (Houštěk et al. 1988), whereas it does not
occur until the first postnatal week in the hamster (Houštěk et al. 1990a). Various
methods (western blotting, enzyme activity measurements, light, electron and im-
munoelectron microscopy) demonstrated that the content of the F1-ATPase subunit
in the hamster inner mitochondrial membrane reaches its maximum level at the
end of the first postnatal week and gradually decreases thereafter in parallel with
the increase in UCP 1 concentration, starting from day 7 and reaching maximum
one to two weeks later (Houštěk et al. 1990a). The immunoelectron microscopy
technique has revealed the transient presence of significant amounts of UCP 1 and
F1-ATPase antigens in the cytosol of hamster BAT cells between the 7th and 9th
postnatal days (Houštěk et al. 1990a). In order to check the occurrence of these
soluble protein antigens and the process of postnatal recruitment of thermogenic
mitochondria, we have used a modified procedure combined with 5 nm gold parti-
cles instead of antibody-colloidal gold probe with 10 nm particles (GAR 10 Jansen)
used previously (Houštěk et al. 1990a).

Materials and Methods

The Ethical Principles and Guidelines for scientific experiments on animals were
respected throughout the studies. The maintenance and handling of experimental
animals followed the recommendations of the European Union and the animals were
treated in accordance with principles of the Care and Use of Animals. The Expert
Committee of the Physiological Institute of the Academy of Sciences, Prague, Czech
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Republic, approved the investigation. Experiments were performed on Golden Syr-
ian hamsters (Mesocricetus auratus). Pregnant female hamsters were kept in a
special laboratory-animal breeding unit of the Institute of Physiology in separate
cages at room temperature and under natural lighting (March, April; 12/12, 13/11
h; light/dark regimen), with food (DOS 2B diet) supplied with corn, sunflower and
rye seeds and water ad libitum.

The interscapular BAT was excised from 7, 8, 9, 10, 11, 14, 17, 21 days old
and adult animals after decapitation (one to three animals were studied in each
age group). In adult animals, also livers were excised for positive control of the
F1-ATPase subunit presence. Immediately thereafter, tissue samples were fixed for
24 h at 4◦C with 8% paraformaldehyde in 0.12 mol/l phosphate buffer (pH 7.3),
washed for 20 min with phosphate buffered saline (PBS) and saturated with 2.1
mol/l sucrose in PBS (4 × 5 min) for cryoprotection, frozen in liquid nitrogen
and further processed according to the Tokuyasu method (Tokuyasu 1980, 1986).
Briefly, ultrathin ∼50 nm thick cryosections were cut on a Reichert Ultracut ul-
tramicrotome with a FC4 cryo unit at −100◦C and collected onto EM grid than
incubated with 5% fetal calf serum in PBS for 30 min at room temperature to
eliminate nonspecific reactions, washed 2×5 min in PBS and incubated for 30 min
with rabbit hyperimmune serum raised against hamster BAT UCP 1 and bovine
heart F1-ATPase subunit, prepared as described previously (Houštěk et al. 1988),
diluted with 10% fetal calf serum in PBS. After washing in PBS (3 × 5 min), the
sections were incubated for 30 min with secondary goat-anti-rabbit antibody la-
beled with 5 nm gold particles. After washing with PBS (6×5 min) and redistilled
water (5× 2 min), the samples were impregnated for 10 min with a mixture of 2%
methylcelullose and 3% uranyl acetate (9 : 1) and examined under a JEM electron
microscope.

Results

As expected, the immunostaining for UCP 1 and F1-ATPase subunit of hamster
BAT underwent changes during early postnatal development. Immunocomplexes,
appearing as dense black grains and indicating the presence of the UCP 1 antigen
associated with inner mitochondrial membranes were found already in 7-day-old
hamsters (Fig. 1a). The relatively low initial intensity of immunostaining gradually
increased between the 7th and the 21st day (not shown). At the age of 7–9 days,
the number of mitochondria was small and the presence of the reaction against
UCP 1 antigen inside mitochondria was relatively scarce (Fig. 1a). However, pos-
itive staining for UCP 1 antigen was also detected in the cytoplasm of adipocytes
from 7- to 9-day-old hamsters (Fig. 1a). The cytosolic reaction disappeared af-
ter the 10th postnatal day and the immunostaining with anti-UCP 1 antibody
remained confined to BAT mitochondrial membranes. The most numerous anti-
UCP 1 immunocomplexes were then found on the mitochondrial membranes of
adult hamsters (Fig. 1b). Immunostaining with anti-UCP 1 antibody was absent
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in adult hamster liver mitochondria and in other, nonmitochondrial structures both
in BAT and other tissues (not shown).

Immunostaining indicating the presence of F1-ATPase subunit was strongly
positive in BAT mitochondria from 7- to 9-day-old animals (Fig. 2a), but contrary
to the anti-UCP 1 reaction, it rapidly decreased during the subsequent period
and exhibited very low staining level in adult animals (Fig. 2b). The cytosolic
reaction was present only in 7- to 9-day-old hamsters and disappeared after the
10th postnatal day, similarly as in the case of UCP 1. The anti-F1-ATPase subunit
reaction, in contrast with the reaction of anti-UCP 1 antiserum, intensively stained
the mitochondria in all examined tissues of adult hamsters except BAT, as is shown
by the positive reaction in the liver mitochondria from adult hamsters (Fig. 3).

Discussion

The present results are fully consistent with the previous immunocytochemical,
immunoblotting and biochemical data (Sundin et al. 1981; Houštěk et al. 1990a,b).
All these experiments have confirmed that profound changes in the enzymatic ap-
paratus of mitochondrial membranes occur not until the early postnatal period of
hamster ontogenetic development. In mammals, there are three main types of peri-
natal development of BAT, namely newborns with well developed BAT at birth
like pigs and lambs, newborns with little BAT at birth, but recruiting more BAT
during the first week after birth, for example rats and mice and finally immature
newborns unable to generate heat and attaining BAT with thermogenic mitochon-
dria only after some weeks of their early postnatal development, as e.g. hamsters
(Nedergaard et al. 1986).

Our data were obtained on material treated with fixation intended to pre-
serve the maximum of antigenicity, partly sacrificing optimal preservation of the
ultrastructure (Johnson 1985). The use of smaller gold conjugates increased the
penetration capacity of the labeled secondary antibodies complexes into tissue sec-
tions and thus minimized the possibility of false-negative results in the case of low
antigen concentrations. This method has also proved to be highly sensitive, as it
detected both proteins already incorporated into the mitochondrial membrane as
well as small amounts of non-assembled protein molecules (“preproteins”) located
in the cytoplasm (Figs. 1a and 2a).

It has been shown that mitochondria in hamster BAT increase in number
and complexity during the first few postnatal weeks (Houštěk et al. 1990a). They
contain considerable amounts of cytochrome c oxidase and F0F1-ATPase, but they

I
Figures 1 and 2. Immunoelectron microscopy of the uncoupling protein 1 (Fig. 1a,b)
and the F1-ATPase subunit (Fig. 2a,b) in 7-day-old (a) and adult (b) hamster brown
adipose tissue. Immunocomplexes visualized with 5 nm gold particles are either present
in the cytosol as extramitochondrial labeling (arrows) or bound to the mitochondrial
membranes (arrowheads). N, nucleus; M, mitochondrion. Scale bar = 0.5 µm (×60,000).
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Figure 3. Control anti-F1-ATPase subunit labeling of adult hamster liver tissue. Note the
evidently higher amount of antigen in liver mitochondria (arrowhead) in comparison with
that present in BAT mitochondria as shown in Fig. 2b. Scale bar = 0.5 µm (×60,000).

lack the critical thermogenic component – UCP 1 – and have to be considered as
nonthermogenic, phosphorylating mitochondria (Houštěk et al. 1990a,b). After the
7th day, the amount of UCP 1 increases, thus enhancing the thermogenic capacity,
while the content and activity of F0F1-ATPase decrease. These events eventually
lead to the formation of thermogenic mitochondria. It has been suggested that the
recruitment of thermogenic mitochondria may be associated with different types
of mitochondria existing in parallel and replacing one another during the perinatal
differentiation of BAT (Houštěk et al. 1988, 1989, 1990a,b; Drahota et al. 1989;
Soukup et al. 1989, 1992).

Our results confirmed that, contrary to the UCP 1, the F0F1-ATPase con-
tent in BAT mitochondria of adult hamsters is low. It is generally accepted that
the ATPase content in BAT mitochondria of adult mammals is significantly lower
than that of other components of oxidative phosphorylation (Houštěk et al. 1988,
1990a,b). The F0F1-ATPase is composed of two molecular units: the F1 oligomer
composed of five subunits which form the “headpiece” and central stalk, and the
membrane-bound F0 oligomer. The central stalk provides the structural link be-
tween the catalytic sites in F1 (residing primarily on β-subunits) and the c sub-
unit ring in F0. In recent years, a bulk of knowledge concerning the biogenesis
and assembly of ATP synthase in mitochondria has accumulated (Houštěk et al.
1995; Andersson et al. 1997, 2000; Andersson 1998). Generally, the biosynthesis
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of mitochondrial ATPase involves coordinated expression of many nuclearly and
mitochondrially encoded genes and is regulated in several steps at different lev-
els, namely the transcriptional as well as post-transcriptional and translational
(Houštěk et al. 1991, 1995; Andersson 1998; Andersson et al. 2000; Tvrdík et al.
1992; Antonická 2000; Kramarova 2003). The expression of subunit c (P1 isogene)
is significantly lower in BAT compared to other tissues and it is believed that the
primary assembly of a c-subunit ring in the membrane is a crucial restricting step
for the formation of the F0 structure and thus for the assembly of a whole ATP
synthase molecule. The other ATPase subunits in the BAT are initially expressed
in excess, but subsequently their protein levels diminish and follow the low ex-
pression of subunit c (Houštěk et al. 1995; Andersson et al. 1997, 2000; Andersson
1998). Our present results seem to be consistent with these findings. However, ad-
ditional experiments would be necessary for understanding whether the cytosolic
reaction observed in 7- to 9-day-old hamsters reflects events in the ATPase re-
cruitment. Interestingly, although the BAT mitochondria contain low amounts of
ATPase protein, β-F1-ATPase mRNA is present in high amounts, but it has a short
half-time, which indicates the involvement of post-transcriptional regulation of its
translational efficiency (Houštěk and Drahota 1977; Houštěk et al. 1991; Tvrdík et
al. 1992).

One of the fundamental aspects of protein targeting onto mitochondria is the
transfer of nuclearly encoded, cytoplasmatically synthesized proteins into the mi-
tochondrial membranes. This process is coordinated with the targeting of a few,
but important, proteins encoded by mitochondrial DNA, synthesized on mitochon-
drial ribosomes and inserted from the matrix side into the inner membrane. Several
pathways directing “preproteins” into and within the mitochondria have been de-
scribed, including those of translocase complexes of the outer (Tom) and inner
(Tim) membranes, as well as existence of the multiple cytosolic factors with tar-
geting function or chaperone-like molecules exerting multiple functions in translo-
cation, sorting and assembly of newly imported proteins (for review see Neupert
1997). The mechanism of targeting and insertion of the UCP 1 into the inner mito-
chondrial membrane is still unknown. It was, however, suggested that the central
matrix loop containing the site for binding hTom20 is carrying a complete tar-
geting signal for directing UCP 1 to the inner membrane (Schleiff and McBride
2000). The positive reaction observed between the 7th and 9th postnatal day in
the cytoplasm of BAT adipocytes can thus reflect that, at this stage, the UCP 1
and some ATPase components are synthesized on free polyribosomes in the cy-
tosol and gradually transported into the mitochondria. The high cytosolic reaction
for F1-ATPase may reflect accumulation of newly synthesized subunits of the F1

component that are not immediately imported into mitochondria and assembled
into mature enzyme subunits or it may indicate an over-expression of some newly
synthesized molecules.

It can be concluded that polyclonal antibodies used in our study reacted well
with the membrane-assembled and soluble forms of mitochondrial UCP 1 and F1-
ATPase subunit. However, the polyclonal character of our antibodies does not
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allow us to decide more conclusively about the character of their cytosolic re-
action. In order to do this, it will be necessary to use more specific, preferably
monoclonal antibodies against well characterized UCP 1 and individual ATPase
subunits.
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