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Regulatory, cellular and molecular aspects of muscle avian nonshivering thermogen-
esis are reviewed. The endocrine control of muscle NST may involve an interaction
between several hormones including glucagon, catecholamines and thyroid hormones.
The metabolic, central, vascular or genomic actions of these hormones have been
investigated at several levels, in vivo and in vitro using perfused avian muscle prepara-
tions. Two main thermogenic processes may account for avian muscle NST. The first
one, which is based on an uncoupling of mitochondrial oxidations and phosphorylations,
is supported by experimental data using isolated mitochondria, perfused skeletal
muscle and efficiency of locomotor activity in vivo. The second mechanism, which
involves an increased ATP-dependent sarcoplasmic reticulum Ca*-cycling, is sup-
ported by biochemical analysis of the activity and expression of SR proteins. The
molecular basis of the two processes have been investigated and fatty acids or their
derivatives may play an important role in their control. Muscle NST is fuelled by co-
ordinated increases in fatty acid supply from adipose tissue, cellular uptake by lipopro-
tein lipase, and intracellular fatty acid transport capacity by small cytosolic proteins
fatty acid-binding protein (FABP). The control at the gene level of the functional
adaptations of skeletal muscle during cold acclimation should now be investigated.

regulatory thermogenesis. The metabolic proc-
esses activated by muscle contraction (myosine-

Survival of endotherms in the cold critically de-
pends on their ability to sustain elevated levels of
heat production for long periods in order to com-
pensate for heat losses to the environment and keep
their body temperature constant. In the short-term,
most endotherms rely primarily on shivering for

and cation-ATPases, mitochondrial synthesis of
ATP) indeed generate heat because of their rather
low efficiency. In the long-term, regulatory ther-
mogenesis can also be achieved through the de-
velopment of nonshivering thermogenesis (NST),
a process which generates heat independently
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Fig. 1. Comparison of the relative thermogenic effects
of glucagon (360 ng.kg™') in ducklings and noradrena-
line (200 ug.kg™) in rats. Animals reared at thermo-
neutrality (TN) are compared with cold (4°C, 3-5 wks)
acclimated animals and animals kept at thermoneu-
trality but receiving daily intraperitoneal injections of
either glucagon in ducklings or noradrenaline in rats.
Duckling data are from Barré et al. (1987) and rat
values from Leblanc and Pouliot (1964). Values are
expressed as percentage of increase above resting
metabolic rate at thermoneutrality. Means + SEM. **
P <0.01 vs TN; *** P < 0.001 vs TN.

from contractile activity and which is considered
to be the main characteristic of cold-acclimation
(Jansky 1973).

In small mammals, NST has been mostly as-
sociated with brown adipose tissue (BAT), a spe-
cialized heat-producing tissue. It is now well rec-
ognized that BAT NST is based on an uncoupling
of the mitochondrial respiratory chain by the pro-
ton-translocator uncoupling protein (Nicholls et
al. 1986) and is mainly under the control of no-
radrenaline released by sympathetic nerves inner-
vating BAT. The importance of BAT in mamma-
lian NST led to the generalisation that without
BAT there was no NST.

Birds are endotherms which do not posses
BAT (Johnston 1971, Barré et al. 1986a, Olson et
al. 1988, Saarelaetal. 1989, 1991). Although cold-
acclimated birds have a multilocular fat tissue
(Barré et al. 1986a, Olson et al. 1988, Saarela et
al. 1989) with an increased blood flow after cold
stimulation (Duchamp & Barré 1993), this tissue
does not have the number of mitochondria, the
Krebs cycle enzymes, the cytochromes (Barré et
al. 1987a, Olson et al. 1988, Saarela et al. 1989),
the uncoupling protein (Saarela et al. 1991, Den-
jean et al. submitted), nor the sympathetic inner-
vation of true BAT (Saarela et al. 1989). Multilo-
cularity of adipocytes may in fact be a sign of
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intense lipolytic activity of the tissue to deliver
fatty acids for thermogenesis in other tissues.

Despite their lack of BAT, a few species of
birds including chickens, ducklings and penguin
chicks can develop regulatory nonshivering ther-
mogenesis (NST) after prolonged exposure to cold
(El Halawani et al. 1970, Barré et al. 1986a, Du-
champ et al. 1989). This mechanism contributes
to the increased thermogenic capacity (Barré et
al. 1985) and improved cold endurance of these
birds (Barré et al. 1987b). This non-BAT depend-
ent cold-induced NST is primarily of skeletal
muscle origin as estimated by the measurement
of regional blood flow with radioactive micro-
spheres and the arteriovenous difference in oxy-
gen content across leg skeletal muscles in the ab-
sence of shivering assessed by simultaneous elec-
tromyographic recordings (Duchamp & Barré
1993). Because avian NST differs from that of
mammals with respect to the tissue sites, its regu-
lation and biochemical mechanisms are most prob-
ably different. Recent data on the regulatory, cel-
lular and molecular mechanisms of avian muscle
NST will be reviewed.

2. Endocrine stimulation of avian NST

2.1. Role of glucagon
2.1.1. Eﬁect on thermogenesis

On the basis of its marked thermogenic and lipoly-
tic effects in birds (Freeman 1971, Barré & Roua-
net 1983, Barré et al. 1986b, 1987b), glucagon
appears as a potential mediator of avian NST. Glu-
cagon-induced thermogenesis is increased by cold
acclimation (Duchamp et al. 1993) and by chronic
injections of glucagon to ducklings kept at thermo-
neutrality (Barré et al. 1987b). This is very much
in parallel with what is observed in mammals with
noradrenaline (Leblanc & Pouliot 1964, Fig.1).
However, glucagon-induced thermogenesis were
not observed in all species, as in 2-day-old chicks
and adult pigeons, and may depend on the age
and acclimation status of the animal (Hohtola et
al. 1977, Barré et al. 1986b). Nevertheless, plasma
glucagon concentration is increased in cold accli-
mated (CA) ducklings (Barré et al. 1986b) and
glucagon-treated ducklings kept at thermoneutral-
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ity develop NST (Barr€ et al. 1987b). It was pos-
tulated that glucagon may trigger muscle NST by
stimulating the release of fatty acids (FAs) from a
multilocular adipose tissue differentiated for lipo-
lytic activity (Barré et al. 1986a, Bénistant et al.
1998). Released FAs may then affect the respira-
tion of muscle mitochondria which show a higher
sensitivity to their uncoupling effect in CA duck-
lings (Barré et al. 1986c¢). As reflected by in vivo
measurements of muscle blood flow and arterio-
venous differences in oxygen content, in the ab-
sence of shivering activity assessed by electro-
myography, muscle NST can be stimulated by ex-
ogenous glucagon (Duchamp et al. 1993). How-
ever, these experiments are unable to distinguish
whether the action of glucagon is indirect through
lipolysis or direct on myocytes.

An in vitro perfused muscle preparation ini-
tially developed chickens (Eldershaw et al. 1997)
has been used in ducklings to provide insights to
the humoral control of muscle thermogenesis
(Marmonier et al. 1997). The results obtained with
this in vitro preparation showed that glucagon does
not directly stimulate muscle oxygen uptake. Glu-
cagon showed marked vasodilatory effects in no-
radrenaline preconstricted perfused muscles of CA
ducklings suggesting an enhanced effect of glu-
cagon on the vascular system after cold-acclima-
tion. The action of glucagon as a potential media-
tor of muscle NST is therefore likely to be indi-
rect possibly via its vasomotor, metabolic and neu-
rogenic actions. The vasodilatory effect of gluca-
gon may enhance muscle thermogenesis through
arise in blood flow increasing the supply of hor-
mones, substrates and/or hormones to the tissue.
Alternatively, the vasodilatory effects of gluca-
gon may act to potentiate the thermogenic effects
of other hormones, such as endogenous catecho-
lamines, by lowering the thermogenic down-ef-
fects of excessive vasoconstriction (Eldershaw et
al. 1997). Besides its cardiovascular effects, glu-
cagon also has marked effects on the mobiliza-
tion of lipids and carbohydrates which could pos-
sibly modulate muscle thermogenesis. Finally,
recent data from our laboratory indicate that glu-
cagon injection stimulates the endogenous release
of catecholamines in ducklings (Filali-Zagzouti
et al. unpublished data) suggesting that part of the
glucagon effect in vivo may be mediated by cate-

cholamines (see below). This is in keeping with
the activation of muscle sympathetic nerve activ-
ity described in man (Takayama et al. 1995). Clari-
fication of these different possibilities obviously
merits investigation.

2.1.2. Effect on inhibition of shivering

The control of shivering activity is of primary
importance for the survival of many birds in the
cold and possibly for the development of NST.
Several hormones, including noradrenaline, adren-
aline, serotonin and dopamine, have been shown
to alter shivering activity, when injected in the
central nervous system, by modulating the cen-
tral control of shivering (Hissa & Rautenberg
1974, Hohtola et al. 1989). Glucagon may also be
involved in the modulation of shivering activity
by acting through its interaction with specific
membrane receptors. Indeed, peripheral injection
of glucagon induces a rapid suppression of shiv-
ering in ducklings or penguin chicks exposed
acutely to cold, before any stimulation of periph-
eral heat production (Barré & Rouanet 1983, Barré
et al. 1987b). Further, intracerebroventricular
(ICV) perfusion of glucagon markedly suppressed
shivering and associated regulatory thermogen-
esis in ducklings acutely exposed to cold (Monta-
ron et al. 1995). At thermoneutrality, there was
no effect of the ICV injection of the same dose of
glucagon on heat production. There may there-
fore be a specific action of glucagon on the cen-
tral command of shivering. Glucagon may act via
interactions with specific membrane receptors
which have been characterised in various areas of
the duck brain, including the neocortex, the basal
ganglia, and the dorsomedial nucleus of the hypo-
thalamus (Montaron et al. 1994). However, it can-
not be excluded that the glucagon effect is indi-
rectly mediated by an activation of noradrenaline
release by sympathetic nerves. Noradrenaline in-
fusion into the preoptic area of the hypothalamus
has indeed been shown to cause an immediate and
complete inhibition of shivering in pigeons (Hissa
& Rautenberg 1974, Hohtola et al. 1989). The
precise mechanisms of the central effects of glu-
cagon and the origin of the endogenous peptide
acting centrally remain unknown.
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Fig. 2. In vivo thermogenic effects of catecholamines
in thermoneutral (TN} or cold-acclimated (CA) duck-
lings and in rats. Ducklings were infused with adren-
aline (1ug.kg'min~', n = 5) and rats with noradrenaline
(8 ug.kg'min~', n = 4) at thermoneutrality (25°C).
Means = SE. *P < 0.05 vs basal metabolic rate (ANO-
VA). Values are expressed as percentage of changes
from resting metabolic rate. Duckling data are from
Marmonier et al. 1997.

2.2. Role of catecholamines

There have been a variety of accounts describing
thermogenic actions of catecholamines in birds,
both in vivo (Barré & Rouanet 1983, Sutter &
MacArthur 1989, Hissa et al. 1975a) and in vitro
(Hissa et al. 1975b). Further, the catecholamine-
induced calorigenesis is more pronounced after
cold-acclimation in ducklings (Marmonier et al.
1997, Fig. 2) and in pigeons above thermoneutral-
ity (Hissa et al. 1975a). However, such calorigenic
action is not invariably found (Chaffee & Roberts
1971) and is in general much lower than the cal-
origenic action of catecholamines in rats (Fig. 2)
or that of glucagon in birds (Barré & Rouanet
1983). Further, they are usually observed only at
or above thermoneutral ambient temperatures,
although significant effects have been noted in
the cold using king penguin chicks (Barré & Roua-
net 1983). In the cold, and usually in birds ac-
tively shivering, injection of exogenous catechola-
mines is associated with an inhibition rather than
a stimulation of heat production (Hissa 1988).
With this in mind, it is therefore puzzling to ob-
serve increased plasma catecholamine levels in
CA chickens (Lin & Sturkie 1968), and increased
sympathetic nervous system activity and catecho-
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lamine turnover in a number of cold-exposed birds
(El Halawani et al. 1970, Koban & Feist 1982). It
may be postulated that in the experiments using
injections of exogenous catecholamines in cold
exposed birds, the doses used may have favoured
central inhibition of shivering (Hissa 1988). In
birds exposed to cold and actively shivering, this
central inhibitory effect may have masked under-
lying (if any) calorigenic effects of these hor-
mones. Another important parameter to take into
account is age as shown in juvenile coots (Sutter
& MacArthur 1989). The dose used may also be
to consider since higher doses of catecholamine
resulted in much higher inhibitory effects on ther-
mogenesis (Hissa & Palokangas 1970).

The perfused muscle model was used to ad-
dress whether catecholamines may be involved
in the control of muscle NST in birds. We have
subsequently shown a marked thermogenic effect
of catecholamines on duckling skeletal muscle in
vitro as reflected by the dose-dependent increases
in muscle oxygen uptake (MO,) (Marmonier et
al. 1997, Fig. 3). The stimulatory effect of no-
radrenaline was observed at low doses (1-10 nM)
which are within the physiological circulating lev-
els of hormones observed in birds (Hart et al.
1989). Higher doses may reflect those occurring
at sympathetic synapses (review in Clark et al.
1995), since local concentrations near sympathetic
nerve terminals may be significantly higher than
reported plasma values. Similar results were ob-
tained after noradrenaline infusion in perfused
chicken (Eldershaw et al. 1997) and rat hindlimb
(review in Clark et al. 1995). The maximal no-
radrenaline-induced increase in M O,in TN duck-
lings (+ 31% over the basal) was comparable to
that observed in chickens (+ 35% over the basal)
but not as pronounced as in the rat hindlimb (+60-
80%). Thus the stimulation of skeletal muscle
sympathetic nerve activity and hence elevation of
skeletal muscle noradrenaline concentration in
cold-exposed redpolls (Koban & Feist 1982) may
have implications for the control of regulatory
thermogenesis.

Most interestingly, cold-acclimation and chron-
ic glucagon treatment, two experimental regimes
inducing duckling muscle NST in vivo (Barré et
al. 1986a, 1987b, Duchamp & Barré, 1993, Du-
champ et al. 1993), were associated with increased
thermogenic response of perfused skeletal mus-
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Fig. 3. Effects of norepinephrine on muscle oxygen uptake (MO,) and perfusion pressure in thermoneutral
(TN) and cold-acclimated (CA) ducklings. Leg muscles were perfused at 0.47 ml.min-".g™! with a Krebs-Ringer
bicarbonate buffer without red blood cells at 25°C. Values are means = SEM from 5—6 experiments. In each
group, norepinephrine induced a significant increase in both MO, and Pressure for concentrations = 10 nM
(P < 0.05, ANOVA). When not visible, bar errors are within the symbols. Adapted from Marmonier et al. (1997).

cle to noradrenaline. In addition, very high doses
of noradrenaline, which become inhibitory in
thermoneutral ducklings muscle, are still stimu-
latory in that of CA or glucagon-treated animals
(Marmonier et al. 1997, Fig. 3). The mechanisms
underlying this increased thermogenic effect af-
ter cold-acclimation remain to be investigated.
Changes in the vascular effects of catecholamines
may partly be involved by account of the obser-
vation that vasoconstriction induced by noradrena-
line was less marked in CA than in control duck-
lings (Marmonier et al. 1997, Fig. 3). Such less
sensitive vasoconstriction to noradrenaline may
possibly be related to an altered expression of the
various types of adrenergic receptors and/or the
increased density of the vascular tree after cold
acclimation (Duchamp et al. 1992).

A thermogenic effect of noradrenaline at the
muscle level in vitro suggests that catecholamines
have the potential to mediate some thermogenic
effect in vivo. Yet, these findings contrast with
many studies which did not find any thermogenic
effect of catecholamines in birds (review in Chaf-
fee & Roberts 1971). These apparent incongru-
ence of these data might be related to factors such
as differences in species, age of the animal, ambi-
ent temperature, dose of catecholamine used,

mode of injection, or to the combined effects of
several hormonal actions in vivo. Most presum-
ably, the variability of published findings is re-
lated to major interactions between the vascular
and metabolic actions of catecholamines. Indeed,
the use of high hormone concentrations may re-
sult in responses corresponding to the inhibitory
part of the in vitro dose-response curve associ-
ated with excessive vasoconstriction. The re-
sponse to adrenaline in vivo clearly depends on
the cold- acclimation status of the bird as well as
the dose used, with high doses inhibiting rather
than stimulating thermogenesis (Marmonier et al.
1997). The potential for catecholamine-induced
muscle NST shown in vitro may therefore be ex-
pressed in vivo when vasomotor action is reduced
such as in CA ducklings. In support of this hy-
pothesis, it was shown that a reduction in vaso-
constriction induced by glucagon increases the
thermogenic effect of noradrenaline in perfused
chicken muscles (Eldershaw et al. 1997). Further,
changes in the population of adrenergic receptors
on vascular cells and/or association with increased
plasma glucagon may favor increased perfusion
of skeletal muscles in CA ducklings (Duchamp
& Barré 1993) in association with increased
plasma levels of hormones as observed in CA
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Fig. 4. Thermogenic effects of T, and glucagon in
winter-acclimatized king penguin chicks and in chicks
reared at thermoneutrality for 3 wk. T; (35 ug.kg~'min™')
or saline were infused intravenously. Glucagon was
infused (0.05 ng.kg'min~*) 20 h after the infusion of
either saline (bars labelled glucagon) or T, (bars la-
belled T, + glucagon). Experiments were performed
at thermoneutrality (+10°C). Values are means + SEM.
* P < 0.05 vs basal (ANOVA).

chickens.

At this point, the mechanism of action of the
catecholamines at the muscle level is unclear but
recent in vitro evidences of our lab (unpublished
data) indicate that ATP consuming mechanisms
may be involved.

2.3. Role of thyroid hormones

Thyroid hormones are generally involved in the
process of cold-acclimation. During cold expo-
sure. the thyroid gland is classically stimulated
and indeed CA ducklings have higher circulating
levels of total 3.5.3 -triiodo-1 -thyronine (T,) than
thermoneutral controls (33202 vs 2.6 0.1 nM).
In birds. thyroid hormones play a particularly
important role in the development of homeother-
my (Saarclactal. 1990) and muscle development
(Kumegawa ctal. 1980) of chicks. For instance,
these hormones have an essential role in avian
muscle differentiation and myosin expression
during the first weeks of growth. Furthermore T,
is well known to control muscle fibre typing,
oxidative capacity and mitochondrial biogenesis,
parameters which have all been shown to be al-
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tered or increased in ducklings growing in the cold
(Barré et al. 1986¢,1987a Duchamp et al. 1991,
1992). Finally, and although these studies were
done in mammals only, T; is known to uncouple
oxidative phosphorylation at low doses (Hafner
etal. 1988), and to regulate the expression of pro-
teins involved in Ca* uptake and release by the
sarcoplasmic reticulum (Arai et al. 1992). It is
interesting to note that these mechanisms have
been implicated in avian muscle NST (see below).

The possible thermogenic effect of T; was in-
vestigated in vivo at thermoneutrality in winter-ac-
climatized king penguin chicks known to exhibit
NST (Duchamp et al. 1989). It was found (Fig. 4)
that infusion of T; at a high dose (35 pg kg '.min '
iv) induced a slight thermogenic cffect (+ 25%
over the basal, maximum effect 15-20h after the
infusion). A similar effect was observed in chicks
acclimated to thermoneutrality for 3 wks, a pe-
riod sufficient to reverse the effects of cold-adap-
tation. The significance of such long delay in the
peak response to elevated T3 is unclear but may
presumably be associated with stimulation of gene
expression and protein synthesis. This contrasted
with the rapid response to exogenous glucagon.
Further, a higher calorigenic response was observed
with a low dose of glucagon (0.05 ug kg™'.min™' iv)
in winter-acclimatized (+ 110%) than in thermo-
neutral chicks (+ 70%). Most interestingly, the
thermogenic action of glucagon in thermoneutral
chicks was potentiated by a previous perfusion of
T, 20h earlier (+ 50% of the effect without T,).
These results indicatc a marked interaction be-
tween T and glucagon, possibly because T con-
trols the expression of glucagon receptors. Ex-
periments in progress should shortly clarify the
possibility.

We recently investigated the potential involve-
ment of T in the control of dict-induced thermo-
genesis in birds. Two experimental lines have been
obtained by divergent sclection for high or low
[ood efficiency (review in Gabarrou et al. 1997).
Fora given body weight cockerels with a low food
cfficiency exhibit a higher food intake than the
efficient line (+ 49-76%) but an increased DIT
(+2 5%). After ameal plasma T, levels are higher
in the inefficient than in the efficient fine. Injec-
tions of 1opanoic acid (an inhibitor of peripheral
conversion of thyroxine to T) markedly decreased
plasma T in both lines and abolished the differ-
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ences in meal-induced heat production (Gabarrou
etal. 1997). These results suggest that T,, mainly
originating from peripheral conversion of thyrox-
ine to T, is involved in the DIT of the inefficient
line. The precise mechanisms of this rather rapid
action of T; now remain to be determined.

2.4. Involvement of these hormones in con-
trolling regulatory NST

Regulatory NST is typically employed at tempera-
tures below the thermoneutral zone and its inten-
sity should be reflective of the severity of the cold
challenge. Therefore, the hormones listed above
which all show thermogenic effects in birds should
undergo both rapid changes in plasma concentra-
tions and effects during an acute cold exposure to
be considered as playing a putative role in the
control of avian regulatory NST. According to
these criteria, the above data are suggestive of the
involvement of glucagon and catecholamines in
the control of avian regulatory NST. To be fully
conclusive, it should however be checked whether
the cold-induced changes in the levels of these
hormones is compatible with the magnitude of the
NST observed in vivo. The case of thyroid hor-
mones is less clear as there is a long delay in the
peak response to exogenous T;. The involvement
of thyroid hormones in avian NST is therefore
likely to concern long-term adaptive changes in
the thermogenic tissues (e.g. control of gene ex-
pression). However, relatively short-term effects
of T; on diet-induced heat production are observed
when endogenous plasma T; levels are reduced
pharmacologically in cockerels (Gabarrou et al.
1997). One possibility is that there may be differ-
ences in effects between endogenously produced
and exogenously injected hormone.

3. Mechanisms of avian muscle NST

Proposed mechanisms for avian NST include
those based on fatty acid-induced loose-coupling
of mitochondrial respiration (Barré et al. 1986),
and those involving an increased Ca?* cycling by
the sarcoplasmic reticulum (Dumonteil et al.
1994).

18 1

Metabolic rate (W/kg)
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Fig. 5. increase in metabolic rate associated with
imposed exercise (walk at 540 m.h"') at thermo-
neutrality in thermoneutral (TN) or cold-acclimated
(CA) ducklings. Values are means + SEM of 12—14
experiments. In both groups of ducklings, exercise
significantly increased metabolic rate but the increase
was higher in CA than in TN ducklings (*P < 0.05,
ANOVA).

3.1. Uncoupling of oxidative phosphorylations

Loosely coupled isolated mitochondria have been
described in skeletal muscles of CA ducklings
(Barré et al. 1986¢), glucagon-treated ducklings
(Barré et al. 1989) and winter-acclimatized king
penguin chicks (Duchamp et al. 1991). These re-
sults are not an artefact inherent in the mitochon-
drial isolation procedure since similar results were
obtained using an histochemical detection of the
degree of coupling (Duchamp et al. 1992). Fur-
ther, such mitochondrial defects in coupling is
supported by studies both at the organ level and
in vivo. The successive use of specific inhibitors
(oligomycin and cyanide) on perfused skeletal
muscles of ducklings suggested that the higher
oxygen uptake of resting muscle in CA ducklings
was related to a higher contribution of an uncou-
pled mitochondrial respiration (Eldershaw et al.
unpublished data).

In vivo we recently assessed the efficiency of
locomotor activity in ducklings (Denjean, unpub-
lished data). As shown in Fig. 5, an imposed walk
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Fig. 6. Effect of carboxyatractylate (CAT) on the un-
coupling effect of palmitate (20 uM) on intermyofibrillar
mitochondria from cold-acclimated ducklings. Columns
with different letters (a, b, c) are significantly different
(P < 0.05, ANOVA). State 4 is the respiration rate of
isolated mitochondria limited by the availability of
ADP. In this experiment, state 4 was first measured,
then palmitate was added to stimulate respiration by
its uncoupling effect. Finally, CAT was added. Values
are means + SEM.

in a rotating wheel at thermoneutrality (25°C) in-
creased metabolic rate significantly in both TN
and CA ducklings. However, the energy cost of
this imposed exercise was higher (+ 36%,P <0.05)
in CA than in control ducklings (Fig. 5) suggest-
ing a lower efficiency of mitochondrial ATP gen-
eration and thus a defect in the coupling between
oxidations and phosphorylations.

The mechanisms of such uncoupling have been
investigated in vitro with isolated mitochondria.
Muscle mitochondria from CA ducklings show a
higher responsiveness to the loose coupling ef-
fect of non esterified fatty acids (FAs) (Barr€ et
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al. 1986). Addition of albumin to the incubation
medium, restore a normal coupling of muscle
mitochondria. Similar results have also been ob-
served in glucagon-treated ducklings exhibiting
NST (Barré et al. 1989). Such loose-coupling dif-
fers from that observed in BAT mitochondria,
because the BAT-specific uncoupling protein-1
(UCP-1) is not expressed in CA ducklings (Den-
jean et al. submitted). Similarly, no immunoreac-
tive UCP-1 was detected in various tissues of
winter-acclimatized birds (Saarelaetal. 1991).In
addition, recent experiments from our laboratory
failed to provide evidence for the expression in
avian tissues of proteins similar to the other mem-
bers of the mammalian UCP family (UCP-2 and
UCP-3) (Denjean et al. submitted). In the poten-
tial absence of mammalian-like UCP in avian
mitochondria, the mechanism of the fatty acid-
induced loose coupling may possibly involve in-
teraction of FAs with the ATP/ADP antiport (An-
dreyev et al. 1989). Indeed, the use of carboxy-
atractylate, a specific inhibitor of the ATP/ADP
antiport, abolished a large part, but not all, of the
uncoupling effect of palmitate on mitochondrial
respiration (Fig. 6). Such a defect of energy cou-
pling in muscle mitochondria may in fact be det-
rimental for all the ATP-consuming processes.
Thus the capacity of muscle mitochondria to syn-
thesise ATP was investigated and it was shown
that even at the maximal uncoupling effect of high
doses of palmitate, muscle mitochondria of CA
ducklings were still able to synthesise ATP at half
their maximal rate (Roussel et al. 1997). The ATP-
consuming processes can therefore be fuelled even
if NST mechanisms are occurring at the mitochon-
drial level. The molecular mechanisms of the FA-
effect in avian mitochondria and of the adaptive
changes induced by cold-acclimation and their
control require experimental clarification.

3.2. Increased Ca** cycling

ATP-consuming processes such as cation cycling
are potential mechanisms for muscle NST. We
have shown that cold acclimation of ducklings
induces an increase in skeletal muscle sarcoplas-
mic reticulum (SR) Ca**-ATPase and Ca** release
channel/ryanodine receptor densities (Dumonteil
et al. 1993, Fig. 7). Thus an increase in ATP-de-
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pendent calcium cycling between the SR and the
cytosol could contribute to muscle NST in CA
ducklings. Regulation of this Ca?* cycling may
occur via some fatty acid related metabolites. In-
deed, palmitoyl carnitine and palmitoyl coenzyme
A activated the Ca** release channel at concentra-
tions = 20 uM while palmitic acid was without
effect (Dumonteil et al. 1994). Further, induction
of Ca** release was observed with long-chain (C =
14) but not with short-chain acyl carnitines (C =
12). These results are consistent with the accu-
mulation of long-chain acyl carnitines in duck-
ling skeletal muscle during cold acclimation (Du-
monteil et al. 1994). There may therefore be spe-
cific interactions of acyl carnitines with the Ca?
release channel, although the underlying mecha-
nisms are not known.

The time course of expression of the SR Ca?*-
ATPase (SERCA, sarco(endo)plasmic reticulum
Ca*-ATPase) has been investigated in both con-
trol and CA ducklings. #*Ca?* uptake and [*H]rya-
nodine binding measurements with skeletal mus-
cle homogenates showed that a cold acclimation
period of ~ 4 wk was required to observe a sub-
stantial increase in SERCA activity and Ca? re-
lease channel content (Dumonteil et al. 1995).
Such a time course correlates well with NST de-
velopment, which requires 4-5wk of cold expo-
sure in ducklings (Barré et al. 1986a). Immunoblot
analysis of muscle homogenates revealed that the
SERCALI (specific of fast fibres) level was in-
creased after 4 wk of cold acclimation while the
decrease with age of SERCA2a (specific of slow
oxidative fibres) content was delayed in cold

acclimating birds. The persistence of SERCA2a
may be related to shivering thermogenesis in slow
oxidative fibres in the early stage of the cold ac-
climation period. The increase in SERCA1 con-
tent in parallel with the development of NST sug-
gests that a Ca**-dependent NST may preferen-
tially occur in fast-twitch fibres (Dumonteil et al.
1995). The mechanisms underlying this fibre spe-
cific regulation of SERCA isoforms remain un-
investigated.

4. Fatty acid mobilisation and supply to
thermogenic tissues

FAs play a major role in avian NST by serving
both as substrates for respiration and as stimulators
of NST mechanisms. Indeed, the uncoupling of
mitochondrial oxidative phosphorylation (Barré
et al. 1986¢) or the activation of ATP-consuming
SR Ca?* cycling through their long-chain related
metabolites (Dumonteil et al. 1994) depend on
FAs. The capacity to supply FAs to thermogenic
tissues could therefore comprise a number of con-
trolled and limiting steps for cold thermogenesis.
This aspect has been recently investigated in CA
ducklings.

4.1. Adipose tissue lipolysis
Mobilisation from the sites of storage, i.e. adi-

pose tissue, may be the first limiting step in fatty
acid mobilisation. On the basis of the multilocul-
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Fig. 8. Glucagon-induced lipolysis in adipose tissue
fragments from thermoneutral (open bars) or cold-
acclimated (dark bars) ducklings. Values are means
+ SEM and are expressed as percentage of stimulation
above basal lipolytic activity. Columns with different
letters are significantly different (P < 0.05, ANOVA).
From Bénistant et al. 1998.

arity of adipocytes and the increased density of
capillaries with abundant microvilli in adipose
tissue of CA ducklings, it was suggested that an
intense lipolysis may take place in the cold (Barré
et al. 1986a). This hypothesis was tested in vitro
by measuring the lipolytic activity of incubated
tissue fragments (Bénistant et al. 1998). It was
higher (202 = 9 vs 130 x= 14 nmol glycerol per
100 mg tissue per hour, + 55%, P < 0.01) in CA
than in TN ducklings. Glucagon stimulated lipoly-
sis in both groups of ducklings in a dose-depend-
ent manner, but the lipolytic response to increas-
ing doses of glucagon was higher (P < 0.01) in
CA than in TN ducklings (Fig. 8). Interestingly,
in order to obtain the same relative stimulation of
lipolysis (around + 170% over the basal), a dose
of 0.15 nM was needed in TN controls while only
0.03 nM was required in CA ducklings. These
results indicate an increased responsiveness and
a higher glucagon sensitivity of adipose tissue
from CA ducklings. Interestingly, similar in-
creases in adipose tissue responsiveness and sen-
sitivity to glucagon were also observed in winter-
acclimatized king penguin chicks (George et al.
unpublished data). Data in ducklings are consist-
ent with the observation that adipose tissue blood
flow is much higher in CA than in TN ducklings
after either cold or glucagon stimulation (Du-
champ & Barré 1993, Duchamp et al. 1993), possi-
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bly reflecting a more intense rate of lipid mobili-
sation in CA ducklings in vivo. Such stimulation
in vivo may be related to the higher plasma gluca-
gon level in CA than in TN ducklings (Barré et al.
1986b). 1t should now be investigated whether the
cold-induced enhanced adipocyte response to glu-
cagon involves an increased density of glucagon
receptors, as shown in CA rats (Uehara et al.
1986), or is in fact related to other mechanisms.

4.2. Tissue uptake of FAs

Tissue uptake of FAs may be the second limiting
step in FA supply to thermogenic tissues. This
process can be modulated by the activity of en-
dothelial lipases, lipoprotein lipase (LPL) and
hepatic lipase, all of which are rate limiting step
enzymes enabling the extraction of FA from
triacylglycerol and phospholipids of lipoproteins
(Kinnunen et al. 1983). For instance, it is well
known that BAT NST is fuelled by a marked LPL
up-regulation (Radomski & Orme 1971). We have
recently shown an increased in vitro activity of
endothelial lipases in red gastrocnemius muscle
and liver of CA ducklings relative to thermoneutral
controls (Bénistant et al. 1998). Total endothelial
lipase activity expressed per organ (Fig. 9) was
higher in red gastrocnemius muscle (+ 80%) and
liver (+ 55%) of CA ducklings whereas no change
occurred in pectoralis muscle and adipose tissue.
Similar results were also obtained in winter-ac-
climatized king penguin chicks (Bénistant et al.
unpublished data). Part of the cold-induced rise
in LPL activity may be related to the slight in-
crease in the proportion of slow oxidative fibres
observed in CA ducklings (Duchamp et al. 1992)
on account of the higher specific (per g muscle)
LPL activity found in red than in white muscles.
Because LPL activity is generally high in tissues
that are recruited in the cold (Radomski & Orme
1971), present results suggest that red skeletal
muscles rich in slow-oxidative fibres may play
an important role in duckling thermogenesis dur-
ing cold-acclimation. The increased hepatic lipase
activity in the cold is consistent with the higher
oxidative capacity of this tissue in CA ducklings
(Barré et al. 1987a), suggesting a possible role
for liver in cold-induced thermogenesis (Duchamp
& Barré 1993).
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4.3. Intracellular transport of FAs

Intracellular transport of FAs may also represent
an important step for fuelling cold thermogenesis.
Within the cells, small (12-16 kDa) and abun-
dant cytoplasmic FA-binding proteins (FABPs)
have been involved in the cytoplasmic traffick-
ing of FA and hydrophobic molecules (Glatz et
al. 1984, Miller et al. 1988). Although their physi-
ological function is yet to be unequivocally es-
tablished, FABPs may be an important and limit-
ing determinant of FA transport (Storch et al.
1996) to membranes and organelles for energy
storage or expenditure. We have recently shown
that the FA-binding capacity of a fraction of
cytosolic protein weighing 12-18 kDa was in-
creased with cold-acclimation in both red gastroc-
nemius muscle (+46%) and liver (+74%) (Bénis-
tant et al. 1998). We then purified a cytosolic pro-
tein with a high capacity to bind FA and a mo-
lecular weight of 15.4 kDa, similar to mamma-
lian muscle FABPs. Specific antibodies were
raised against duckling FABP and used in West-
ern blots on skeletal muscle cytosolic proteins.
Muscle FABP content was found to be respec-
tively high, intermediary and low in heart, gas-
trocnemius and pectoralis muscles (Fig 10). There
was a higher FABP content (+ 37%) in the cy-
tosol of the red gastrocnemius muscle of CA duck-
lings which may well account for the cold-induced
rise in FA-binding capacity of the 12—18kDa pro-

tein fraction. It should be noted that the rise in
FABP content only affected oxidative muscles
rich in slow oxidative fibres while there was no
change in FG- and FOG-rich skeletal muscles,
suggesting that additional FABPs may only be
required in the most oxidative fibres preferentially
recruited in the cold. Enhanced thermogenic ca-
pacity of slow oxidative fibres has already been
observed in CA ducklings (Duchamp et al. 1992).
The combined effects of (i) increased FA supply
from adipose tissue, enhanced tissue FA-uptake
by LPL, (ii) increased intramuscular transport by
FABP (present study), and (iii) increased muscle
oxidative capacity (Barré et al. 1987a) and blood
flow (Duchamp & Barré 1993), may thus favour
lipid oxidation and thermogenesis in red skeletal
muscles of CA ducklings. Similarly, increased
FABP content paralleled increased lipid oxida-
tion in muscle of cold exposed fishes (Londraville
& Sidell 1995). Furthermore, a dramatic increase
in the heart-type FABP was also observed in BAT
of CA rats (Daikoku et al. 1997) in conjunction
with the stimulation of the thermogenic capacity
of this tissue.

In liver, the increased FA uptake through he-
patic lipase was also positively linked to an in-
crease in the (12-18 kDa) FA-binding capacity,
which may be related to a putative hepatic FABP
by analogy with mammals. These data therefore
suggest an increased intrahepatic trafficking of FA
towards either resynthesis of triglycerides or lo-
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Fig. 10. Effect of cold-acclimation on skeletal muscle
fatty acid binding protein (FABP) content as deter-
mined by western blots using specific antibodies
against duckling FABP. Typical immunoblots obtained
from gastrocnemius cytosols of two thermoneutral
(left side of upper panel) and two cold-acclimated
(right side of upper panel) ducklings are shown. Cali-
bration of immunoblot intensity with known amounts
of muscle FABP enabled us to determine the amount
of FABP present in cytosols isolated from skeletal
muscles of thermoneutral (open bars) or cold-accli-
mated (dark bars) ducklings (lower panel). Values
are means = SEM (n = 6 per group). * P < 0.05 vs
thermoneutral controls (Student’s t-test).

cal oxidation which may parallel an increased
aerobic metabolism as indicated by the higher
hepatic blood flow observed in CA ducklings
(Duchamp & Barré 1993).

5. Conclusions

We have therefore reviewed a number of recent
data from our laboratory and elsewhere showing
various aspects of the regulation and the cellular
and molecular mechanisms of avian NST. A com-
prehensive scheme emerges from these experi-
ments exploring different aspects at several lev-
els of integration. Avian NST cannot be regarded
as a simple extrapolation of what is known in
mammals although some aspects may be shared
by the two Classes. No single thermogenic mecha-
nism nor a unique humoral activator has yet
emerged, but rather a likely combination of sev-
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eral mechanisms. This may be due to the fact that
birds do not possess a specialised thermogenic
tissue such as brown fat. It is however obvious
that the development of muscle NST in avian spe-
cies may have an impact on their daily energy
budget and that this aspect should be taken into
account in the future. Several aspects still remain
unknown, or should be clarified, before we can
draw a complete picture of avian regulatory NST.
In particular, the mechanisms controlling skeletal
muscle gene expression and leading to the devel-
opment of NST in certain circumstances in birds
should be elucidated.
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Selostus: Lintujen lihaskudoksen non-
shivering-termogeneesin siitelyn solu-
biologinen ja molekulaarinen perusta

Kirjoittajat ovat havainneet kasvavilla pesajittoi-
silld linnunpoikasilla uuden, lihasperdisen 14m-
montuottojérjestelmin, joka toimii vanhastaan
tunnetun lihasvérindlimmontuoton ohella. T4hin
lihaksen nonshivering-termogeneesin (NST, ei-
lihasvérindperdinen limmontuotto) endokriini-
seen kontrollijarjestelméén kuuluu useita hormo-
neja, mm. glukagoni, katekoliamiinit ja kilpirau-
hashormonit. Ndiden hormonien vaikutusta
aineenvaihduntaan, keskushermostoon, verenkier-
toon ja geenien toimintaan on tutkittu linnuilia mo-
nella eri tasolla: koko eldimilld sekd eristetyilld
lihaspreparaateilla. Tutkimuksissa on 16ydetty lin-
tujen lihaskudoksesta kaksi NST-mekanismia. (1)
Lihassolun mitokondrioista on 16ydetty oksidatii-
visesta fosforylaatiosta (ATP:n synteesi) irtikyt-
keytynyttd energiantuottoa. Uncoupling-tapahtu-
massa syntynyttd energiaa ei sidota kemiallisesti
ATP:hen kuten normaalisti tapahtuu, vaan se va-
pautuu mitokondrion ulkopuolelle limpéna. Té-
mén mekanismin olemassaoloa tukevia tuloksia
on saatu sekd eristettyjd mitokondrioita etti perfu-
soituja lihaksia tutkimalla ja myds mittaamalla
liikeaktiivisuuden energiataloutta elivilld lin-
nuilla. (2) Toinen mekanismi liittyy ATP:sti riip-
puvaisen sarkoplasmaattisen kalvoston kalsiumin
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kierrdtyksen lisdéintymiseen. Tétd on tutkittu epé-
suorasti kalsiumia sitovien proteiinien esiintymi-
sen ja aktiivisuuden avulla. Kirjoittajat pohtivat
tdssd katsauksessa ndiden kahden mekanismin
merkitystd lihaskudoksen NST:n kannalta. Mo-
lempien tapahtumien molekulaarista perustaa tut-
kiessaan he havaitsivat, ettd rasvahapot tai niiden
johdannaiset osallistuvat kyseisen lammaontuotto-
muodon sédtelyyn. Toisaalta lihaksen NST kayttaa
energianldhteenidin rasvakudoksesta saatavia sa-
maisia rasvahappoja, jotka otetaan lihassoluun li-
poproteiinilipaasi -entsyymin avulla. Solujen si-
silld rasvahappojen kuljetukseen osallistuvat solu-
liman rasvahappoja sitovat proteiinit (FABP). Kir-
joittajat esittavit, ettd seuraavaksi tulisi tutkia kyl-
maakklimoidun eldimen luurankolihaksen toimin-
nallista sopeutumista sadtelevid geeneja.
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