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Thermoregulatory uncoupling of oxidative phosphorylation has been studied in heart and skeletal muscle mitochondria of ground squirrels. The 
respiratory rate ofmitochondria in the presence of oligornycin was found to be much higher in winter (in hibernating, arousing, or aroused animals) 
than in summer. This additional respiration is strongly (arousing animals) or completely (hibernating and aroused anhnals) inhibited by carboxy- 
ntractylate (CAtr) and bovine serum albumin (USA). The CAtr- and BSA-induced decreases in the rate of respiration arc accompanied by membrane 
potential increases, The rate of the CAtr- and BSA-sensitive respiration is proportional to the content of free fatty acids which, in the heart, dccrcascs 
in the order: arousing Z+ aroused = hibernating > summer animals. Maximal respiratory rates observed in the prcxncc of dinitrophenol (arousing 
> aroused > summer > hibernating animals) do not parallel the fatty acid Ievcl. It is assumed that some heat production in the winter animals 
is due to fatty acid-induced, ATP/ADP-antiportcr-mediated uncoupling in heart and skeletal muscle mitochondria. The peak of heat production 

during arousal after hibernation also includes some other stimulatory effect on mitochondrial respiration. 

Thermorcgulatory uncoupling; Fatty acid; Hibernation 

1. INTRODUCTION 

Our previous publication [ll reported that increased 
heat production by ground squirrels in winter is accom- 
panied by CAtr- and BSA-inhibitable uncoupling in 
liver mitochondria. It has been suggested that such ther- 
moregulatory uncoupling is induced by free fatty acids 
and mediated by the ATP/ADP-antiporter which, under 
the conditions used, may operate as a carrier of fatty 
acid anions [2-63. 

The CAtr-sensitive uncoupling by low concentrations 
of added free fatty acids has been recently confirmed by 
Schonfeld [73, who showed that the effect is propor- 
tional to the ATP/ADP-antiporter content in mitochon- 
dria (maximal in the heart muscle and minimal in liver). 

In the present paper we report that the CAtr- and 
BSA-sensitive thermoregulatory uncoupling is much 
stronger in the ground squirrel heart and skeletal mus- 
cles than in liver. The uncoupling is shown to parallel 

Abbreviurions: BSA, bovine serum albumin; CAtr, carboayatractylate; 
DHP. 2,4-dinitrophcnol; EDTA, cthylcnediaminetetraacctic acid; 
EGTA, [cthylenebis(oxycthyImenitrilo)]-tetraacetic acid; HEPES, N- 
(2.hydroxycthyl)pipcrazine-N’-(2-ethanesulfonic acid). 

Heart mitochondria w~rc isolated in 0.25 M sucrose, I mM EDTA 
and 10 mM HEPES (pH 7.4) as described clsewherc 181. Skeletal 
muscle mitochondria were isolated in 0.25 M sucrose, 1 mM EDTA. 
IO mM HEPES (pH 7.4) (for details. see [4]). The respiratory mtc was 
rneasurcd polarographically with a Clark-type oxygen: elaxrode. The 
incubation medium contained 0.25 M sucrose. 0.5 mM EGTA (pH 
7.4). 5 mM glutamate, 5 mM malate, 2 x 10d M oligomycin. 37% 
Where indicated, 3 x lo-“ M CAtr, 0.2% BSA and 4 x lo-’ M DNP 
were added, The mcmbranc po:&n! in isolated mitochondria was 
monitored by means of synthetic penetrating oxions 191 using a tetra- 
phenylphosphonium electrode [IQ]. The concentration of free fatly 
acids in blood plasma and in mitochondtial suspensions was measured 
according to Nixon and Chan [I l]. To estinmte the fatty acid level in 
heart mu&. skeletal muscle and liver, samples of the tissues wcrc 
frozen wi!b liquid nitrogen as fast as possible, i.e. within 10-l 5 5 aficr 
decapitation of the animal. For the method of mL%uring the fista? 
fatty acid content, see [l2]. 

Correspot&nce U&&U: N.N. Brustovetsky, Institute of Theoretical Gligomycin, CAtr, EGTA, fatty acid-fret BSA were fro’rorn Sign3 
and Experimental Biophysics, Pushchino, Moscow Region 142292, (USA); glutamate, malatc, DNP and MEPES wcrc from Serva (Ger- 
Russin. many). 

Published by Elscvicr Science Publidurs B. V. 

the increase in the level of free fatty acids both in the 
tissues and in mitochondria. 

2. MATERIALS AND METHODS 

Ground squirrels CIrrUru undularus from Yakutia (North-East Sibc- 
ria) were studied during summer and winter periods. Body tcmpcra- 
turcs in active animals were about 37°C both in summer and in winter. 
in hibernating animals, it was 4&X! @part region). Ground squirrels 
during arousal from hibernation were studied when the tempraturc 
was 2%3O’C, 19-21% and IO-i2’C in heart, liver and femoral mus- 
cle, respectively. The winter (hibernating, arousing, or aroused) and 
summer animals were kept at 4-5OC and l7-20°C respectively. 

I5 



Volume 305, number 1 FEBS iXM.ERS June 1992 

Table I 

Respiratory rates of ground squirrel heart muscle mitochondria in the presence of2 x IO-” M oligomycin 

Season 

Summer 
Winter 
Winter 
Winter 

Groups of 
animals 

Active 
Hibernating 
Arousing 
Aroused. active 

No additions 

31 -1-4 
52 + 5 
74 f 7 
6025 

Respiration (ng atom Uz~min-‘mg protein“ 

CAtr BSA CAtr,BSA CAtr,BSA,DNP 

23 c 3 19 22 14& 2 865 7 
31 &4 22 r 4 1523 712 6 
43 + 5 32 t 4 25 + 3 165+ 9 
31 +4 24 2 3 142 2 1322 II 

Additions: 3 x low6 M CAtr, 0.2% BSA, 4 x IO-’ M DNP. lralues are means f S.E.M. (n=5). 

Table II 

Respiratory rates of ground squirrel skeletal musnle mitochondria in the presence of 2 x 10mb M oligomycin 

Season Groups of 
animals 

No additions 

Respiration (ng atom O,.min-‘.mg protein-’ 

CAtr BSA CAtr,BSA CAtr.BSA,DNP 

Sw~ner Active 25 & 3 17 * 2 I4 + 2 IO? I 53 +4 
Winter Hihernating 47 I 4 23 Q 3 131-2 731 49 t- 5 
Winter Arousing 54 -1- 6 31 24 21 +3 1352 78 ?r 7 
Winter Aroused, active 53 kG 25 +4 1823 IO & 2 78 !: 8 

Additions: 3 x lOm6 M CAtr, 0.2% BSA, 4 x IO-’ M DNP. Values are means k S.E.M. (rt=5). 

3. RESULTS AND DISCUSSION 

Table I shows that the respiratory rate of heart mus- 
cle mitochondria in the presence of oligomycin is higher 
in winter than in summer, and is maximal in animals 
arousing from hibernation. This additional respiration 
of ‘winter mitochondria’ was found to be due to partial 
uncoupling of respiration and energy conservation since 
its inhibition by CAtr and BSA (see Table I) was accom- 
panied by a mitochondrial membrane potential increase 
(measured with a tetraphenylphosphonium probe, not 
shown in the table). The coupling effect of CAtr and 
BSA completely abolished the additional respiration in 
the hibernating and aroused winter ground squirrels. In 
arousing animals, the respiratory rate remained slightly 
increased even in the presence of CAtr and BSA. To 
measure the maximal respiratory rate, an artificial un- 
coupler, DNP, was added after CAtr and BSA. This 
rate proved to be the highest in arousing and lowest in 
hibernating animals. Similar relationships were re- 
vealed also in mitchondria from skeletal. muscles but the 
changes in the arousing animals were less pronounced 
(cf. Tables 1 and 11). This may be due to the fact that 
at the studied stage of arousal the temperature in the 
skeletal muscles was still low, lo-12°C whereas in the 
heart it was already 273OOC. Therefore, the thermoreg- 
ulatory response was less developed in the skeletal mus- 
cle than in the heart. 

A strong recoupling effect of BSA and CAtr on the 

mitochondria from the winter animals was, in fact, pre- 
dicted by the hypothesis that free fatty acids are natural 
uncouplers and that the ATP/ADP-antiporter is the car- 
rier of fatty acid anions [l-6]. BSA is well known to bind 
fatty acids (see e.g. [ 13]), whereas micromolar CAtr spe- 
cifically blocks the ATP/ADP-antiporter (for review, 
see [2]). 

Thus one may expect that the mitochondrial level of 
free fatty acids increases when thermoregulatory uncou- 
pling develops in the heart and skeletal muscle. Experi- 
ments showed that this is the case (Table 111). An espe- 
cially large increase in the fatty acid concentration was 
observed in heart muscle mitochondria from arousing 
ground squirrels, which correlates with the maximal 

Table I II 

Conwnt of free fdlty acids in isolated heart and,skcletal muscle mito- 
chondria of ground squirrels 

Season 

Summer 
Winter 
Winter 
Winter 

Groups of 
animals 

Active 
Hibernating 
Arousing 
Aroused, active 

Free fatty acids content 
(nmol~mg motein-‘) 

Heart Skeletal muscle 

24.6 ” 3.0 20.8 k 2.8 
45.7 r 3.9 41.2 f 4.3 
63.2 ? 3.2 41.0 + 3.8 
468 1 404 37.5 -r- 5.0 

Values are means + S.E.M. (n=5). 
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Table IV 

Free fatty acid (FFA1 content in different tissues of ground swirrels 

June 1992 

Saeson Groups of animals 

Heart 

FFA conteal - 
(nm0l.g wet wt-I) (uM) 

Skclctal muscle Liver Blood plasma 

Summer Active 
Winter Hibernating 
Winter Arousing 
Winter Aroused, active 

902 9 75 f IO 
l44f 11 1642 15 
229 1: 13 201 r II 
117112 140+ Y 

Yalucs arc means + S.E.M. (~5-6). 

6lf 7 268 P 14 
1202 8 562 + 17 
145 r 12 872 f 21 
147 k 10 428 ?: 23 

uncoupling. Similar relationships were revealed when 
the free fatty acid concentration was measured in tissues 
fixed with liquid nitrogen (Table IV). Interestingly, the 
level of fatty acids in tissues of arousing animals was 
found to decrease in the Following order: heart muscle 
> skeletal muscle > liver, which corresponds to the de- 
gree of thermorcgulatorj: uncoupling in mitochondria 
from these tissues (see Tables I and II and ref. [l]). 

A CAtr-sensitive increase in H+ conductance has re- 
cently been observed by Valarce and Cucza in liver 
mitochondria of new-born rats [ 143. Such an effect may 
also be regarded as thermoregulatory uncoupling 
caused by severe cold stress which occurs immediately 
after birth. This and some other observations (for re- 
views, see refs. [2] and [6]) indicate that fatty acid in- 
duced, ATMADP-antiporter-mediated uncoupling is 
involved in thermoregulatory responses of warm- 
blooded animals. 

The data also demonstrate that in muscle tissues, as 
in liver [15,16], there is, in addition to uncoupling, at 
least one more mitochondrial response clearly related to 
thermoregulation, i.e. the changes in maximal respira- 
tory rare observed in the presence of an artificial uncou- 
pler. This rate is lowest in hibernating and highest in 
arousing ground squirrels (Tables I and II). The effect 
does not require fatty acids and the ATP/ADP-an- 
tiporter and is resistant to BSA and CAtr. According to 
our previocs data on liver mitocbondria, mitochondrial 
phospholipase Al seems to be involved in this case 
[15,161. 

Thus, the maximal heat production in muscles and 

liver observed during arousal from hibernation seems 
to include (i) uncoupling respiration and phosphoryla- 
tion, and (ii) increase in the maximal rate of uncoupled 
respiration. 

REFERENCES 

[l] Brusiovctsky, N.N., Amcrkanov, X.G., Egorova, M.V., Mok- 
hova, E.N. and Skulachcv, V.P. (1990) FEBS Lctt. 272,190-192. 

[2] Skulachcv. VP. (1988) Membrane biocncrgctics, Springer, Ekr- 
lin. 

[3] Andnycv, A.Yu., Bondarcva, T.O., Dcdukhovn,V.L, Mokhava, 
E.N. and Skulachcv, V.P. (1988) FEBS tilt. 226. 265-269. 

[4] Andrcyev, A.Yu.. Bondarcva. T.O., Dcdukhova. Y.I., Mokhova, 
E.N., Skulachcv, V,P., Tsofina, L.M., Volkov, N.I. and Vy~oo- 
dina, T.V. (1989) Eur. J. B&hem. iS2. 58s592. 

[S] Bruslowsky. N.N., Dcdukhova, V.I., Egorova, M.V., Mok- 
hava, E.N. and Skulachcv, V.P. (1990) FEBS Lett. 272,187-l 89. 

[6] Skulachcv, V.P. (l991) FEBS Lett. 294, 158-162. 
[7] Schllnfcld, P. (1990) FEBS Lctt. 264. 246-248. 
[8] Dedukhova, V.I.. Mokhova. E.N.. Skulachcv, V.P., Starkov, 

A.A., Arrigoni-Martclli, E. and Bobylcva, V.A. (1991) FEl3S 
Lett. 295, 51-54. 

[9] Bakccvn, L.E.. Grinius, L.L., Jasaitis, A.A.. Kulicnc, V.Y.. Le- 
vitsky, D-0.. Libcrman, E.A., Scvcrina, 1.1.. Skulachcv. V.P. 
(1970) Biochim. Biophys. Acta 216, 13-21. 

[IO] Kamo, N., Muratsugu. M., Hongoh, R.and Kobatokc, Y. (1979) 
J. Membr. Biol. 49, 105-121. 

[I I] Nixon, M. and Ghan, S.H.P. (1979) Anal. Biochcm. 97,403X)9. 
[12] Prokhorov. M.Yu., Tiunov. M.P. and Shakalis. D.A. (1977) Lab. 

Delo 9, 535-536 (Russ.). 
[13] Spector. A.A. and Flctchcr. J.E. (1969) J. Lipid Rcs. 10, 56-67. 
[14] Yalarce, C. and Cuczn, J.M. (1991) FEBS Lett. 294.225-228. 
[IS] Brustovctsky, N.N.. Amerkhanov, Z.G., Grlshina, E.V.. 

Macvsky. El. (1990) Biokhimiya S&201-209 (Russ.). 
[16] Brusrovetsky, N.N., Amcrkhanov, Z.H., Popova. E.Yu., Kon- 

stantinov, A.A. (1990) FEBS Lctt. 263. 73-76. 

17 


