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The concentration of the ‘uncoupling protein’ in brown adipose tissue mitochondria has been measured

in lean and obese (ob/ob) mice and Zucker (fa/fa) rats at different ages using a specific radioimmunoassay.

During the suckling period the concentration of the protein was similar in normal and mutant animals of

both types, despite the decrease in mitochondrial GDP binding observed in the obese. The concentration

of uncoupling protein was, however, decreased in adult ob/ob mice and adult Zucker rats compared with

their respective lean siblings, in parallel with the decrease in GDP binding. It is concluded that there is a
‘masked’, or inactive, form of uncoupling protein in young ob/ob mice and fa/fa rats.

Brown adipose tissue

1. INTRODUCTION

The thermogenic function of brown adipose
tissue (BAT) mitochondria is related to the
presence of a 32-kDa ‘uncoupling’ protein in the
inner mitochondrial membrane, which allows the
dissipation of the proton gradient to be uncoupled
from the synthesis of ATP via a proton conduc-
tance pathway [1,2]. The activity of this pathway
has been measured principally by the specific bind-
ing of purine nucleotide ligands to the uncoupling
protein [2]. However, the recent development of
immunoassays [3,4] has allowed the uncoupling
protein content of mitochondria to be quantitated
directly. In rodents, BAT is thought to be the ma-
jor site of both cold-induced and diet-induced ther-
mogenesis [5—8]. These forms of thermogenesis in-
volve tissue hypertrophy, mitochondrial prolifera-
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tion and an increase in the mitochondrial concen-
tration of the uncoupling protein [2,9-11].

The obesity of both the genetically obese
(ob/ob) mouse and the Zucker (fa/fa) rat, which
will develop in the absence of hyperphagia, is cur-
rently considered to result principally from a
decrease in thermogenesis in BAT (review [12]). To
date, studies on BAT in these mutants have mainly
used the specific binding of [*’H]JGDP to mitochon-
dria to assess thermogenic activity, although in the
case of the ob/ob mouse mitochondrial respira-
tion, membrane potential and Ca?* transport have
also been measured [13,14]. Binding studies
employing Scatchard analysis have indicated that
the number of GDP binding sites in BAT
mitochondria of ob/ob mice and Zucker rats fed
ad libitum is decreased at room temperature
[15,16]. Such studies have also indicated that the
number of binding sites is decreased during the
suckling period, and well before the development
of overt obesity [13,17]. A decrease in the number
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of binding sites would suggest that the obese
mutants have a decreased concentration of un-
coupling protein, although a ‘masked’ form of the
protein has been suggested from studies where
acute changes in GDP binding have been
demonstrated [18,19].

Preliminary results have indicated that the con-
centration of uncoupling protein is decreased in
BAT mitochondria of adult ob/ob mice [20], but
we show here in a study on both the ob/ob mutant
and the Zucker fa/fa rat that this is a secondary
change. In very young obese mutants the concen-
tration of uncoupling protein is normal, despite
the decreased level of GDP binding.

2. MATERIALS AND METHODS

2.1. Animals

Male lean (ob/ + or +/+) and obese (ob/ob)
mice were obtained from a colony with the ‘ob’
gene on the ‘Aston’ background [13]. Litters were
weaned at 21 days of age onto a commercial low
fat/high carbohydrate diet (LAD-1, K and K Greef
Chemicals, Croydon, England) which was fed ad
libitum. The animals were housed in plastic cages
in a room at 22 + 2°C with a 12 h light/12 h dark
cycle (light period from 07.00 h). Lean and obese
mice were taken at 14 days, 26 days (just before
development of hyperphagia) and 10 weeks of age.
At the two older ages obese mice were identified
visually, but the youngest animals were identified
at 13 days of age by a cold stress test [13] and
returned to the nest for use the following day.

Zucker (fa/fa) rats were bred from a colony
maintained at the University of Southampton. Lit-
ters were weaned at 21 days of age, and fed a com-
mercial low fat/high carbohydrate diet (Purina rat
chow, Christopher Hill, Poole, England). Rats
were housed in wire mesh cages in a room at 23 +
2°C with a 14 h light/10 h dark cycle (light period
from 06.00 h). Obese Zucker (fa/fa) rats and their
lean (fa/+ or +/+) siblings were taken at 10
days, 21 days (immediately prior to weaning), 5
weeks and 12 weeks of age. Obese animals were
identified at the two younger ages by their de-
creased rectal temperature together with their in-
crease in inguinal fat pad weight [21].

2.2. GDP binding assay
Mitochondria were prepared from interscapular
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BAT as in [13,16]. GDP binding was measured by
incubating the freshly prepared mitochondria at
room temperature with 10 M [*H]GDP as
described for ob/ob mice [13] and Zucker rats
[16]. PHIGDP and [“C]sucrose were obtained
from Amersham International (Amersham,
England).

The protein content of rat mitochondria was
assayed as in [22], while a modified Lowry assay
was used with the mouse mitochondria {23].

2.3. Radioimmunoassay of uncoupling protein
The concentration of uncoupling protein in
mitochondrial preparations was determined by
solid-phase radioimmunoassay [3]. Mouse protein
standards were used with mitochondria from mice,
and rat standards with rat mitochondria. Protein
standards were prepared from BAT of cold-
acclimated (4°C for 3 weeks) animals as in [24,25].
The statistical significance of differences bet-
ween groups was assessed by Student’s z-test.

3. RESULTS

3.1. ob/ob mice

There was no difference in body weight between
lean and ob/ob mice at either 14 or 26 days of age,
but at 10 weeks of age the obese weighed more
than twice as much as the lean (table 1). At all 3
ages the amount of interscapular BAT in the obese
mice was greater than that in the lean. Previous
reports on ob/ob mice on the Aston background
have, however, suggested that there is no hyper-
trophy of the tissue at 14 days of age [13,26].
Mitochondrial GDP binding was significantly
lower in the ob/ob animals than in the lean at each
of the ages studied, and this is in agreement with
previous work [13,27]. The GDP binding values
were highest for both groups of mice during the
suckling period.

There was no significant difference between
ob/ob and normal mice in the concentration of un-
coupling protein in mitochondria at either 14 or 26
days of age (table 1). Only in the 10-week-old
animals was a difference observed, the concentra-
tion in the obese being half that of the lean.
Although the level of GDP binding fell with age
there was no clear effect of age on the concentra-
tion of uncoupling protein.
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Table 1

Concentration of uncoupling protein in brown adipose tissue mitochondria of lean and obese (ob/ob) mice at different

14 days 26 days 10 weeks
Lean Obese Lean Obese Lean Obese
Body wt (g) 8.8+ 0.2 9.1+ 0.3 17.2+ 0.5 18.2% 0.8 323+ 0.9 751+ 3.0°
(10) (10) an (1D ) &)
Interscapular brown 76.9+ 4.0 100.6+ 9.9° 137.6+13.1 377.0+23.6° 159.3+11.0 672.6+55.3¢
adipose tissue wt (mg) (10) (10) (11 (11 ) 9)
GDP binding (pmol/mg 572 +49 292 +38° 367 136 251 +20° 258 +26 173 +25°
mitochondrial protein) (8 (8 (7N () ©) )]
Uncoupling protein 29.7+ 2.1 282+ 24 37.6+ 2.7 416t 3.2 38.8+ 3.5 20.1+ 2.4°
(«g/mg mitochondrial (10) (10) (1) an 9) )]
protein)

Brown adipose tissue mitochondria were prepared from lean and obese mice at different ages and assayed as described
in the text. The results are given as mean values + SE with the number of animals shown in parentheses. ® p < 0.05;
b p < 0.01; € p < 0.001 compared with lean mice

3.2. Zucker rats

Table 2 gives the results obtained at different
ages for the Zucker rat, and these showed a
generally similar pattern to the ob/ob mouse. Dif-
ferences between normal and fa/fa rats in body
weight and the amount of interscapular BAT were
not observed at either 10 days or 21 days of age,
but at 5 and 12 weeks both parameters were con-
siderably elevated in the obese. The absence of any
significant increase in the weight of BAT in the
fa/fa rat during the suckling period is in contrast
to the results reported for Zucker rats in [17].

At each age the specific binding of GDP to
brown adipose tissue mitochondria was
significantly lower in the fa/fa.rats than in the nor-
mal animals (table 2), the difference between
genotypes being greatest for the adults, confirming
previous observations [21]. As with the results on
the ob/ob mouse there was no significant dif-
ference between normal and fa/fa rats in the con-
centration of uncoupling protein during the suck-
ling period, immediately prior to weaning (21
days), or in the young (5 weeks) rats. However, the
concentration of the protein was significantly

Table 2

Concentration of uncoupling protein in brown adipose tissue mitochondria of lean and obese Zucker (fa/fa) rats at different ages

10 days 21 days 5 weeks 12 weeks
Lean Obese Lean Obese Lean Obese Lean Obese
Body wt (g) 22.0+2.6 250120 56.2+4.0 62.4+5.0 118.0+7.0 140+ 19.0 240+10.2 320%+15.2°
®) (6) ©) ©) ©) (6) (5) 5)
Interscapular brown 0.19+0.01 0.18+0.02 0.20+0.02 0.25+0.02 0.32+£0.02 0.50+0.02° 0.37+0.03 2.76+0.10°
adipose tissue wt (g) (6) 6) 6) ©) {6) 6) (5) (5)
GDP binding (pmol/mg 282+ 14 210+ 9° 264112 186 + 10° 230+ 15 146 + 15° 220+ 14 120+ 11°
mitochondrial protein) (6) ©) 6) (6) (6) (6) (5) (5)
Uncoupling protein 11.0+0.7 10.7+0.5 11.9+0.3 9.7+£0.9 8.0+0.4 8.6+1.2 13.9+1.7 8.1+0.6*
(«g/mg mitochondrial ()] 6) ) 6) ) (5) (&) 5)

protein)

Brown adipose tissue mitochondria were prepared from lean and obese Zucker rats at different ages and assayed as described in the text. The
results are given as mean values + SE with the number of animals shown in parentheses. 2 p < 0.05; ® p < 0.01; © p < 0.001 compared with
lean rats
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lower in the obese than the lean at 12 weeks of age.
The amount of uncoupling protein was not
noticeably altered by age, but the GDP binding
values fell slightly with increasing age.

3.3. Effect of cold acclimation on ob/ob mice and
Zucker rats

When 4-week-old Zucker rats were cold-
acclimated (4 £ 1°C) for 1 week they showed a
normal increase in both GDP binding and in the
concentration of uncoupling protein. The binding
values were 530 + 95 and 585 + 110 pmol
GDP/mg mitochondrial protein for lean and obese
rats, respectively; the concentration of uncoupling
protein was 53 + 2 xg/mg mitochondrial protein in
the lean and 57 + 2 xg/mg mitochondrial protein
in the obese fa/fa rats (mean values + SE, n = 2).
These results indicate that there is not an im-
munologically reactive but functionally abnormal
form of uncoupling protein in the Zucker rat.

Adult obese mice (aged 7 weeks) also responded
to moderate cold (13 = 1°C) with a marked in-
crease in the amount of uncoupling protein. After
2 weeks at 13°C the ob/ob mice had a concentra-
tion of uncoupling protein of 119 + 20 zg/mg
mitochondrial protein (mean values + SE, n = 3),
which is even higher than that reported previously
for lean mice at 4°C [9].

4. DISCUSSION

Our results demonstrate that in both the ob/ob
mouse and the Zucker fa/fa rat there is a normal
concentration of uncoupling protein in BAT
mitochondria during the suckling period and after
weaning. Both mutants also show the normal
response to cold acclimation of parallel increases
in mitochondrial GDP binding and in the concen-
tration of the uncoupling protein. The normal
capacity of young obese Zucker rats for non-
shivering thermogenesis has been demonstrated
[28,29]. Similarly, ob/ob mice are able to respond
to mild but not severe cold environments [30]. On-
ly in adult obese mutants is the concentration of
the uncoupling protein lower than in lean siblings.
Since the thermogenic activity of BAT is impaired
from an early age in the obese mutants [13,17,21]
despite the presence of normal amounts of the un-
coupling protein, these results suggest that the lack
of protein is not a primary expression of the gene
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defect but is secondary to the obese state and its
associated metabolic and endocrine changes [31].

In the adult animals the decrease in uncoupling
protein is paralleled by the decrease in the level of
GDP binding, but in the young mutants there is
reduced GDP binding in spite of the presence of a
normal concentration of the protein. There is
therefore a dissociation in young ob/ob mice and
Zucker rats between the level of binding and the
amount of protein, which is similar to that which
appears to occur in normal animals on acute cold
exposure or following noradrenaline infusion
[18,19]. A masked, or inactive, form of uncoupl-
ing protein has been postulated to exist [18,19] and
our results are consistent with this idea. This con-
cept is further supported by the demonstration that
mitochondrial GDP binding of both lean and
obese rats is elevated to the same level by
noradrenaline administration, the response being
maximal within 40 min [21,32].

Although Scatchard analysis of GDP binding
data was not performed here, previous work on
suckling ob/ob mice [13] and young Zucker rats
[16,17] has shown that the decreased level of GDP
binding in both mutants is due to a reduction in the
number of binding sites and not to any change in
affinity. In addition, studies on mitochondrial
respiration, membrane potential and Ca®*
transport have all indicated that the activity of the
proton conductance pathway is lower in suckling
ob/ob mice than in lean animals {13,14]. Thus it is
unlikely that the decrease in GDP binding ob-
served in young obese mutants is anything other
than a reflection of a reduction in mitochondrial
proton conductance. GDP binding is therefore
more an index of the activity of the proton conduc-
tance pathway than a measure of the amount of
uncoupling protein per se, although clearly the
amount of the protein must set the upper limit to
the amount of GDP that can be specifically bound.

The principal reason for the decreased ther-
mogenesis in BAT of Zucker fa/fa rats and ob/ob
mice is considered to be a low activity of the sym-
pathetic innervation to the tissue [33-37]. Our
results indicate that in the young obese mutants the
amount of uncoupling protein is not the limiting
factor for BAT thermogenesis. However, under
stimulation from the sympathetic nervous system
may well be the reason for both this initial ‘mask-
ing’ of GDP binding sites and for the secondary
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decline in the concentration of uncoupling protein
with age. This hypothesis is supported by the re-
cent demonstration that chronic noradrenaline in-
fusions will initiate all the changes in BAT that are
normally associated with cold acclimation and
dietary-induced thermogenesis, i.e., it stimulates
tissue growth, mitochondrial proliferation, and
mitochondrial GDP binding and it increases the
concentration of the uncoupling protein [38].

The reduction in uncoupling protein with age oc-
curs despite the hyperphagia which develops in
both the ob/ob mouse and fa/fa rat after weaning.
Thus neither mutant exhibits the increase in con-
centration of uncoupling protein observed after
overfeeding with a cafeteria diet [10,11]. Finally, it
should be noted that the decrease in the concentra-
tion of uncoupling protein in mitochondria in the
older obese mutants does not give a true reflection
of the absolute reduction in thermogenic capacity
since marker enzyme studies have shown that total
mitochondrial content of BAT is also reduced in
these mutants at this age [15,21], whereas
mitochondrial content as well as the concentration
of uncoupling protein are normal in the suckling
and young obese mutants [13,16,17].
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