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Abstract Intermyofibrillar and subsarcolemmal mitochondria
were isolated from duckling gastrocnemius muscle. The adenine
nucleotide translocase (ANT) content of subsarcolemmal mito-
chondria was found to be half of that present in intermyofibrillar
mitochondria. In addition, cold acclimation resulted in a 1.7-fold
increase in subsarcolemmal mitochondrial ANT content, with
intermyofibrillar mitochondrial ANT remaining constant. This
change in mitochondrial ANT content correlates with the
previously reported cold-induced change in the sensitivity of
mitochondria to palmitate-inhibited ATP synthesis [Roussel et
al. (1998) FEBS Lett. 439, 258^262]. It is suggested that the
mitochondrial ANT content enhances or reduces the fatty acid
uncoupling activity in tissue, depending on the energetic state of
mitochondria. ß 2000 Federation of European Biochemical
Societies. Published by Elsevier Science B.V. All rights re-
served.
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1. Introduction

Despite their lack of brown adipose tissue, some birds can
develop regulatory non-shivering thermogenesis (NST) after
prolonged exposure to cold (see [1,2] for review). This cold-
induced NST is primarily of skeletal muscle origin [3] and
associated in situ with mitochondrial defects in coupling ([4],
see also [1]). This is in agreement with the loosely isolated
mitochondria described in the skeletal muscle of cold-accli-
mated birds [5^8]. Fatty acids have been suggested to be in-
volved [6,9,10] in such thermoregulatory uncoupling, which
was also postulated in mammals [9,11^13]. However, such a
thermogenic mechanism would lead to depressed mitochon-
drial ATP production and would in turn challenge all the
ATP-consuming processes within muscle. We recently ad-
dressed this question in isolated mitochondria where it was
shown that even when maximally uncoupled by fatty acids,

muscle mitochondria of cold-acclimated ducklings were still
able to synthesize ATP at half their maximal rate [8]. As
reviewed in [1], this suggests that muscular ATP-consuming
processes can be fuelled even if NST mechanisms are occur-
ring at the mitochondrial level.

Originally proposed by Skulachev [14], adenine nucleotide
translocase (ANT) is widely known for mediating part of the
fatty acid uncoupling activity in heart, skeletal muscle, liver
and kidney mitochondria of various mammalian species
[9,15,16], as well as in duckling skeletal muscle mitochondria
(see Figure 6 in [1]). This hypothesis has now received further
experimental support by the use of reconstitution experiments
[17], azido derivatives of fatty acids [18] and translocase-de¢-
cient yeast mutants [19]. The inhibitory e¡ect of fatty acids on
the translocase activity [20,21] also supports this thesis. The
ANT-mediated uncoupling of oxidative phosphorylation by
fatty acids is of particular importance in the understanding
of the mitochondrial mechanism of avian muscle NST for
three reasons. Firstly, one of the proposed avian NST mech-
anisms is based on fatty acid-enhanced mitochondrial loose-
coupling in skeletal muscle [6]. Secondly, UCP-1 is not ex-
pressed in birds [22] and there is still no experimental evidence
for the presence of mammalian-like UCP in avian skeletal
muscle, namely UCP-2 and UCP-3 (see [1]). Thirdly, cold
exposure produces a mobilization of fat deposits and an in-
creased supply of fatty acids to skeletal muscles (see [1] for
review), presumably associated with a higher level of non-es-
teri¢ed fatty acids in tissue [10]. It is worth noting that ANT-
mediated thermogenic uncoupling has been found in muscle
mitochondria from ground squirrels waking up from hiberna-
tion and correlated with the content of non-esteri¢ed fatty
acids [9]. With this in mind, the sensitivity of ATP synthesis
to fatty acid inhibition has been found to be much higher in
subsarcolemmal mitochondria (SSM) than in intermyo¢brillar
mitochondria (IFM) and essentially a¡ected by cold acclima-
tion in the former mitochondrial population [8]. The question
therefore arose as to what the reason is for the dependence of
the mitochondrial ATP synthesis sensitivity to fatty acids on
the mitochondrial populations. In the present report we show
that, in duckling skeletal muscle mitochondria, the ANT con-
tent is lower in SSM than in IFM and it is greatly increased in
SSM after cold acclimation. We also point out that the mi-
tochondrial ANT content accounts quantitatively for the sen-
sitivity of mitochondrial ATP synthesis to fatty acid inhibi-
tion.

2. Materials and methods

Male muscovy ducklings (Cairina moschata L., pedigree R31, In-
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stitut National de la Recherche Agronomique, France) from a com-
mercial stockbreeder (Ets Grimaud, France) were used. They were fed
ad libitum with commercial mash (Genthon 5A) and had free access
to water. The cold acclimation schedule described by Barrë et al. [23]
was used: from the age of 1 week the ducklings were caged for a
period of 5 weeks at either 4³C (cold-acclimated, CA) or 25³C (ther-
moneutral control, TN) in a constant photoperiod (light/dark: 8/16).
According to the Ethical Committee of the Centre National de la
Recherche Scienti¢que (CNRS), the present cold acclimation schedule
received the agreement of the French Department of Animal and
Environmental Protection.

Muscle SSM and IFM populations were isolated from the red part
of the gastrocnemius muscle by a di¡erential centrifugation procedure
as described previously [8]. Protein concentration was measured by
the usual biuret method using serum albumin as standard. The respi-
ration of isolated mitochondria (0.5 mg protein/ml) was determined at
25³C with a Clark oxygen electrode and a Gilson 5/6H polarograph.
The respiratory medium contained 200 mM sucrose, 5 mM succinate
(sodium salt), 5 WM rotenone, 5 mM KH2PO4, and 20 mM Tris^HCl,
pH 7.4, with a ¢nal fatty acid-free bovine serum albumin concentra-
tion of 2 mg/ml (0.2% w/v).

The ANT content was determined by titrating the rate of state 3
respiration with increasing concentrations of carboxyatractyloside
(CAT) [24]. Mitochondria were preincubated with CAT in the respi-
ratory medium for 1 min before ADP (0.1 mM) was added to initiate
state 3 respiration. The mitochondrial content of ANT was deter-
mined by the amount of CAT required to completely inhibit state 3
respiration.

CAT was from Boehringer; the other compounds were purchased
from Sigma. Results are expressed as mean value þ S.E.M. Analysis of
variance (ANOVA) and Student's t-test were used for statistical cal-
culations.

3. Results and discussion

Titrations with CAT of skeletal muscle mitochondria from
TN and CA ducklings are shown in Fig. 1. In both IFM and
SSM, V55^60% of total ANT sites were blocked by CAT
before a 10% decrease in the respiratory rate was observed,
with no di¡erences between TN and CA mitochondria. Once
respiration rate is converted into phosphorylation rate with
the ADP/O ratio, the slope of the inhibitory region is a mea-
sure of the turnover number for the ANT [25]. Under our
experimental conditions, control IFM formed adenine nucleo-
tides per translocase protein twice as fast as the corresponding
SSM population (317 þ 37 min31 vs. 155 þ 22 min31, respec-
tively), and no e¡ect of cold acclimation was found (385 þ 68
min31 and 132 þ 17 min31 in IFM and SSM from CA duck-
lings, respectively).

The mitochondrial content of active ANT was determined
by the amount of CAT required to reduce state 3 respiration
to the state 4 respiratory rate (Fig. 1), when CAT presumably
saturated the translocase sites [24]. In control ducklings, the
ANT content of IFM was found to be twofold higher than
that in corresponding SSM (Fig. 2). Interestingly, the present
IFM ANT content is in the range of reported values for
mammalian skeletal muscle mitochondria, 920^1800 pmol/
mg protein with an average content of V1270 þ 330 pmol/
mg protein [26^30]. It should be stressed that these studies
were performed on mitochondria isolated from skeletal
muscle homogenate ¢rst digested by proteinase. Although
this experimental protocol results in a mixture of mitochon-
drial populations, the mitochondrial protein content would be
mostly related to the IFM population. Hence, the present
IFM ANT content can be reasonably compared with those
above from mammalian skeletal muscle. Unfortunately no
value of the ANT content in the skeletal muscle SSM popu-

lation has clearly appeared in the literature so far, although
one report has shown that SSM displayed lower ADP trans-
locase activities than IFM in rat skeletal muscle [31]. Never-
theless, as far as duckling skeletal muscle mitochondria are
concerned, it can be inferred from the results herein that al-
most half of the ¢ve-fold greater ATP synthesis rate noted in
IFM in our prior study [8] would be explained by the higher
ANT content found in this mitochondrial population com-
pared to SSM. The other half would imply functional di¡er-
ences between these two mitochondrial populations in their
capacity to form ATP, including substrate translocation and
oxidation, electron transport chain and mitochondrial ATPase
activities, as well as translocase activity. Although this re-
quires further investigations, the present data argue that the
translocase may be important in determining a regional di¡er-
ence in the mitochondrial oxidative phosphorylation capacity
within skeletal muscle, at least in duckling.

Fig. 1. Determination of ANT content by titration of active respira-
tion with CAT. The IFM (A) and SSM (B) from thermoneutral
(open symbols) and cold-acclimated ducklings (full symbols) were
incubated with the respiratory medium, as described in Section 2.
Inset: Threshold curves, percentage of uninhibited respiratory rate
as a function of percentage of ANT inhibition by CAT. Each point
comes from the corresponding experimental titration curve data.
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The e¡ect of cold acclimation on mitochondrial ANT con-
tent can be seen from the data shown in Fig. 2. The ANT
content increased by 65% in CA SSM, while no signi¢cant
change was noted in CA IFM. According to the threshold
e¡ect noted above, the higher SSM ANT content elicited by
the cold acclimation will induce a 10% or more increase of the
whole phosphorylation £ux in this mitochondrial population.
Although this could explain the higher SSM ATP synthesis
rate previously found in CA ducklings compared to controls
[8], it is not clear from the present study what was directly
responsible for the 15% increase previously noted in IFM. It is
therefore suggested that the biochemical mechanisms involved
in the cold-increased ATP synthesis in IFM and SSM are
most probably di¡erent. This hypothesis will require further
research.

In the light of the present study, we wondered whether the
mitochondrial ANT content noted therein can be related to
the previously reported sensitivity of mitochondrial ATP syn-
thesis to palmitate [8]. To test this hypothesis, the mean IC50

values given in [8] are plotted versus the corresponding mito-
chondrial ANT contents from both TN and CA ducklings.
Fig. 3 shows that a linear relation is obtained between IC50

and ANT content. This demonstrates that the sensitivity of
mitochondrial ATP synthesis to fatty acid-induced uncoupling
depends on the mitochondrial ANT content, which extends
Scho«nfeld's ¢rst observation on rat mitochondria [16]. How-
ever, while the ANT-mediated fatty acid-stimulated resting
state respiration is enhanced as the mitochondrial ANT con-
tent is increased [16,32], our results also imply that the higher
the mitochondrial ANT content, the less the mitochondrial
ATP synthesis sensitive to fatty acid uncoupling. It thus ap-
pears that the ANT content would enhance or reduce the
uncoupling e¡ect of fatty acids in tissue, depending on the
energetic state of mitochondria. Based on these observations,
it is suggested that the ANT-mediated fatty acid uncoupling
may be a mechanism of special interest for heat generation in
skeletal muscle tissue at rest. Such thermoregulatory uncou-
pling would mostly take place in tissue containing ANT-rich
mitochondria with low phosphorylation activity, namely rest-
ing skeletal muscle in a low ATP demand state. This hypoth-
esis in turn implies that an increase of ATP demand within

skeletal muscle (e.g. exercise) would reduce the activity of
fatty acids as uncouplers. However, even if there is new evi-
dence that fatty acids could act as uncouplers of cellular oxi-
dative phosphorylation [33], the question whether non-esteri-
¢ed fatty acids are able to produce thermogenic uncoupling in
tissues other than brown adipose tissue remains unclear and
still awaits clear demonstration in muscles.
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