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Effect of sympathetic de-activation on thermogenic function 
and membrane lipid composition in mitochondria 

of brown adipose tissue 
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Male Long-Evans rats (9 weeks of age) were exposed to cold (5°C) for 10 da~s. Then, sympathetic ,)e-activation of brown adipose 
tissue (BAT) was performed either by BAT surgical denervation (Sy) or by warm re-exposure at 28°C (WE) for 4 days. The 
incidence of the two treatments on thermogenie activity of BAT mitochondri:il membranes and their lipid compc, zific, n v, as 
investigaled. Sy and WE induced a large decrease in GDP binding on the uncoupling pr¢,ein (UCP) (43% and 82%, 
reap..'ctively). Several parameters, of mitochondrial cnergization were investigated. Sy and WE substantially decreased UCP-de- 
pendcm laroton conductance (CmH +) over the whole range of protonmf)tive ~orce. CmH + showed greater variation than GDP 
binding. The low basal UCP-independent CmH + was the same in al! groups. Comparison of GDP binding and CmH' with UCP 
content which is not modified revealed a masking of both the nuclentide bin,:ling site and the proton channel. Sy and WE 
induced the same increase of phosphatidylcholine to phosphatidylethanolaminc ratio (16%) but had opposite effects on fatty acid 
unsaturation. The results were discussed with reference to funelional significance of these variations in BAT mitochondrial 
thcrmogcnic activity and lipid composition. 

Introduction 

Brown adipose tissue (BAT) is the major site of both 
non-shivering therme,genesis and diet-induced thernzo- 
genesis [1,2]. It has been found to be a common effec- 
tot for both thcrmic and weight regulation [3]. In this 
tissue the respiration Fate is controlled by an uncou- 
pling protein located in the inner mitochondria] mem- 
brane wrdch acts as a proton translocator [4]. The 
proton extrusion linked to substrate oxidation is dissi- 
pated to produce heat rather than used to generate a 
protonmotive force driving ATP synthesis. 

The possibility of relationships between the compo- 
sition and the function of biomembranes has attracted 
attention [5,6]. Stimulation of BAT by exposure to cold 
is accompanied by substantial modifications in mito- 
chondrial composition. F.'~tty acid unsaturation in- 
creases and the relative proportion of phospholipid 
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classes is modified [7,8]. However, a study of BAT 
thermogenesis induced by essential fatty acid defi- 
ciency has shown no relationship between BAT activity 
as assessed by GDP binding and fat.'y acid unsaturation 
[8]. ConseQuently further studies are required to re- 
solve the question of relationships between the compo. 
sition and function of BAT mitochondrial membranes. 

Th~ development of thermogcne~is in BAT is .'~nder 
the control of hypothalamic thermoregulatory centers 
and the effector pathway involves the sympathetic sys. 
tern via the release of norepinephrine [9,10]. 

In the present study the possible involvement of the 
sympathetic system on the structure/function relation- 
ships is investigated by decreasing cold-induced BAT 
thermogenesis either by surgical denervation of the 
tissue or by warm re-exposure. 

The aim of the work is to study the functional 
importance of such deactivation which is demonstrated 
by comparing several parameters of mitochondrial en- 
ergization including membrane potential, protonmotive 
force and effective proton conductance with classical 
GDP binding t.est and uncoupling protein content. In 
addition the possibility of modifications of mitochon- 
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drial membrane lipid composition being related to 
changes in thermogenic activity is examined. 

Material and Methods 

Animals and diets 
Male Long-Evans rats reared at 23°C were exposed 

to cold (5"C) at 9 weeks of age. They received ad 
libitum a standard laboratory diet (UAR A03: proteins 
23.5%, lipids 5%, carbohydrates 49.8%). After 10 days 
of cold exposure a first group of rats was warm re-ex- 
posed at 28°C (thermal neutrality) for 4 days. In a 
second group, interscapular BAT was surgically dener- 
rated: animals were anesthetized with chloral hydrate 
(300 mg /kg  i.p.), the five pairs of nerves supplying the 
two BAT lobes were isolated and cut without damage 
to the tissue. Tilca they were kept at 5°C for 4 days. 
Two control groups kept at 5°C and 28°C were killed at 
the same time by decapitation after a 14 day experi- 
mental period. These e, mtrol groups were introduced 
to indicate the Io~e,' limit (thermal neutrality) and the 
upper limit (10-day~ cohl exposure which corresponuetl 
to minimal and maxima! stimula)ioll of BAT mitoehon- 
drial proton conductance in the rat ;~i 1]) Interscapular 
BAT was rapidly dissected out and used for experi- 
ments. 

Isolation of mitochondria 
Mitochondria were isolated by Cannon and Lind- 

berg's method [11]. After the last c,:ntrifugation, they 
were kept in 250 mM sucrose, 5 mM Tes (pH 7.2). 
Mitochondrial protein yield was determined by spec- 
trophotometric assay of cytoehrome-c c~xidase method 
described by Yonetany and Ray [12]. 

GDP binding 
Purine nucleotide binding was assessed by the 

method described by Nichoils [13]. Various concentra- 
tions of GDP were used (0.1. l, 3 ,aM) to test the 
linearity of a Seatcbard plot and to obtain a satisfactory 
estimation of the high-affinity binding sites. 

Respiratory studies 
Oxygen consumption and membrane potential were 

determined simultaneously. Oxygen uptake was mea- 
sured polarographically with a Clark-type electrode 
and membrane potential with a laboratory constructed 
tetrap, henylphosphonium (TPP +) selective electrode 
[14]. Measurements were carried out in a medium 
containing 100 mM sucrose, 20 mM Tes, 4 mM 
KH2PO 4, 2 mM MgCI2, 1 mM EGTA, 1% w/v  fatty 
acid free serum albumin, 5/.tM rotenone (final volume 
1.5 ml). 0.5 mg mitochondrial protein was added per 
assay. Respiration rate was modulated by varying a- 
glyeerophosphate substrate concentration. Being de- 
pendant on the native CmtI +, state 4, which in itive.~ti- 

gated here, provides a valuable criterion for the assess- 
ment of BAT thermogenic activity [15]. 

Membrane potential was corrected to take into ac- 
count the activity coefficient of TPP + into the matrix 
according to Rottenberg [16] (about 50 mV in these 
experimental conditions). 

To calculate the proton conductance of the mito- 
chondrial inner membrane CmH + (nmol protons per 
mg proteins flowing through the membrane per min 
per mV of protonmotive force Ap), proton current Jlt+ 
was calculated from the respiratory rate, Jo, on the 
assumption that six protons were extruded by the respi- 
ratory chain per two electrons transferred to oxygen 
(a-glycerophosphate oxidation). CmH + was calculated 
according to the following equation: 

CmH+=/nu÷ = Jo (H÷/O) 
Ap Ap 

where Jo was expressed in natom O per min per mg 
protein and Ap = A~b- 59ApH was expressed in mV 
at 25°C. 

'Ap was calculated according to the linear relation- 
ship previously established experimentally between A~ 
and Ap (in these conditions: 59ApH = 0.73A~ - 76 (in 
mV)). Technical conditions applied here to calculat~ 
CmH + have been discussed in detalts elsewhere [17,!8]. 

Uncoupling protebt determbzation 
Western blots were used. Ewes were injected with 

purified BAT uncoupling protein of cold-adapted rats 
in order to raise antibodies. Rat mitochondrial proteins 
were separated by polyacrylamide gel electrophoresis 
and electroeluted from the gels to nitrocellulose. Activ- 
ity s~,aining was effected with anti-ewe IgG conjugated 
to alkaline phosphatase to develop coloration. Densito- 
metric scanning of blots was performed with a Shimazu 
CS930 dcnsitometer [19,20]. 

Mitochondria! proteins were assayed by the method 
of Lowry et al. [21]. 

Lipid con+position 
Total lipids were extracted as described by Folch et 

al. [22], Phospholipid classes were separated by two-di- 
mensional thin-layer chromatography [23]. Fatty acids 
were methylated with sulfuric methanol, after extrac- 
tion ntethyl esters were analyzed by gas-liquld ehro- 
nmtography using a 15% CP-SIL 84 on a ehromosorb 
WHP 80-100 mesh column previously described [8]. 
Organic phosphorus was determined as described by 
Bartlett [24]. 

Statistics 
Data were expressed as mean + S.E. The signifi- 

cance of the differences between different groups was 
analyzed using Student's t-test. 



Results 

B A T  composition 
As show~a in Table l, comparison of BAT dener- 

rated rats and warm re.expoaed rats with 5°C controls 
indicates an accumulation of neutral lipids in BAT 
(44% and 58% increases, respectively). Mitochondrial 
protein content was 2.7-times higher in 5"C control rats 
than in 28°C controls. Sympathectomy and warm re-ex- 
posure did not decrease mitochondrial protein content 
significantly compared to cold exposed control rats, 

GDP binding 
Compared to the 28°C control group, cold exposure 

led to a large 4.7.fold increase in specific GDP binding 
expressed per mg mitochondrial proteins (classical in- 
dicator of the thermogenic state of the tissue (Table D. 
Sympathectomy and warm re-exposure induce a large 
decrease (~3% and 82%, respectively). The same level 
of specific GDP binding was observed in warm re-ex- 
posed and in 28°C control rats. An estimate of total 
GDP binding can bq obtained if mitochondrial yield is 
combined with specific GDP binding. In this case, ,;1% 
and 85% decreases were observed in sympathec- 
tomized and warm re-exposed groups, respectively. 
However, total GDP binding was about 60% higher in 
wart- re-exposed rats than in 28"C controls. 

Uncoupling protein 
Estimation of the uncoupling protein content by 

densitometric tracing of immunological blots as shown 
in Fig. 3 indicated 2.8-times more protein in the mito- 
chondria of 5°C control rats than in 28°C controls. 
BAT denervation and warm re-exposure led to a slight 
decrease (12% and 18%, respectively) which did only 
reach statistical significance (P  < 0.05"~ in warm re-ex- 
posed group. 
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Fig. 1. Representative variations of membrane potential (AqJ) with 
respiration rate (V~,,) in brown adipose tissue mitochondria of sym- 
pathectomized and warm re-exposed rats. Respiration rate was mod- 
ula',~=d with a-glycerophosphate additions (final concentration 0.1-10 
mM). Uncoupled state without GDP, coupled state with 1,2 mM 
GDP. &, 28'C control rats; o, sympathectomlzed rats; I ,  warm 

re-exposed rats; e, 5°C control rats. 

Energization parameters 
Fig. 1 shows typical experiments in which values of 

respiration rate were plotted against values of mem- 
b:ane potential. Respiration rate was modulated by 
varying a-glycerophosphate concentration (0.1- 10 raM) 
in the absence of Ca 2+. In the absence of GDP, a much 
lower membrane potential was observed over the whole 
range of respiration rate in the cold exposed control 
rats compared to 28°C control rats, indicating a high 
level of uncoupling, The effect of cold exposure was 
decreased by BAT surgical denervation. 4 days warm 

TABLE I 

Effects of surgical denert'ation or warm re.exposure on interscapular broK'n adipose tissue (BAT) 

Results are expressed as mean + S.E. with the number of obsewations in parentheses. Comparison with cold exposed rats: significant effect of 
sympathectomy: "P < 0.01. I. p < 0.(~l: 3ignificant effect of warm re-exposure: c p < 0.001, 

5°C 28°C 

control denervated W re-exposed control 
(7) (6) (6) (6) 

BAT wet weight (rag) 394 :E 23 430 + 5 440 :t: 15 414 :t: 15 
Total liplds (rag) 109 :i: 5 157 + 4  b 172 + 7 c 243 + 6 

Mitocho=zdria: 
Proteins(rag) 19.4 :t: 2.0 16.3 :t:0.8 15.3 + 1.2 7.2 + I.I 

GDP binding (nmol) 
per mg proteins 0.93 .'E 0,05 0.53+0.04 a 0.17+ 0.01 c 0.20+0,02 
perBAT 17.6 + 0.4 8.6 +OA t. 2.6 + 0.2 c 1,4 + 0.2 
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re-exposure was sufficient to obtain respiratory rates 
and potentials  comparable to those observed in 28~C 
control rats. 

With uncoupling protein completely blocked by an 
optimal  concentrat ion of G D P  [!7], membrane  poten- 
tial was increased. Relat ionships between membrane  
potential  and oxidation rate were the same in the four 
groups. 

Fig. 2 shows the relat ionship between the calculated 
values of proton conductance,  CmH ÷ and those of 
protonmotive force a p  (calculated as described in Ma- 
terials and Methods). CmH + was dependent  on ,ap 
and establ ishement  of the fo r ce / f l ux  relat ionship make 
comparison of CmH + easier  .;vet the whole range of 
A p .  As expected, surgical denervat ion and warm re-ex- 
posure substantially decreased C m H  + o;'cr the whole 
range of a p .  C m H '  levels were similar  in de-adapted 
rats and in 28"C control rafts. In the presence of GDP, 
residual  conductance was found to be very low except 
for higher values of A p  and was superposable  for the 
four groups. 

Acute  injection of tsoproterenol (200/ .~g/kg  intra- 
muscularly 90 min before killing) to sympathectomL~ed 
or warm re-exposed rats greatly enhanced CmH +. In 
sympathectomized rats CmH + reached the level ob- 
served in the cold control group whereas  in wahn  
re-exposed rats  only 80% of the control cold group 
CmH + was observed (results not shown). This treat- 
ment  had no effect in the cold control group. UCP 

Proton co=~euctonce :nmol Hem,n "f mg'lnrot rnV "1) 

• ttm • o a l i a  

1OC t50 2OO 
Protonr.uflve force (mV) 

Fig 2 The variations of proton conductance (Cmn.) with protonmo- 
live force (Ap) it= brown adipose tissue mitochondria of symputhcc- 
tomized and warm re-exposed rats. Uncoupled state without GDP, 
coupled state with 1.2 mM GDP. Six animals per group, values are 
mean+S.E. &, 28°C coptrol rats: o, sympathectomizcd rats; II, 

warm re-expo~d rats; e, 5°(. control rats. 

TABLE I1 

Effects of surgical denerf ation or warm re.exposure on the ploportions 
of the main phospholipid classes and fatty acid :fnsaturation indexes in 
interscapular brown adipose tissue mitochondria 

PC, phosphatidylcholine: PE, phosphatidylethanolamine; CL. cardi- 
olipin; TU. total unsaturatioo indexes: PU, polyunsuturation indexes 
(number of double bonds per 100 total fatty acids). Results are 
expressed as mean±S.E, w,:th the number of obse~ations in paren- 
theses. Comparison with cold exposed rats: significant effect of 
sympathectomy: a P < 0.05, b p < 0.01, c p < 0.001; significant effecl 
Of warm re-exposure: a p < 0.05, ¢ P < 0.0l. 

5°C 28'C 

control denervatcd W re-exposed control 
(7) (6) (6) q'6) 

PC 35.8 +-0.8 37.9 +.0.3 ~ 37.6 +0.2 ° 4{I.0 +.0.9 
PE 43.4 +.1.0 3q.5 -I-0.4 h 39.4 :t0.3 ~ 35.5 +0.9 
CL !1.6 ±1.0 12.1 +:1.0 12.9 -+0.5 13.3 +:0.7 
PC/PE 0.83 + 0,fJ3 0.96+:0.01" I).96+:0.02 ~ 1.12+.0.03 

:Tll 141 _+2 149 +1 h 140 +:2 142 +:2 
PU 131 +2 137 +1 ;' 120 +.2 ~ 120 +.2 

content  was not modified by this acute st imulat ion 
which indicates a pure unmasking process. 

Mitochondrial phospholipids 
Based on biochemical and histological s tudies [25,26] 

it is admit ted  that  the outer  membrane  only accounts 
for less than 5% in BAT mitochondria.  Thus our  
results reflects ~ssentially variat ions in composit ion of 
the inner mitochondrial  membrane.  No significant vari- 
ation in the percentage of cardiolipin was observed 
between the four groups. Phosphatidylcholine (PC), 
phosphat idylethanolamine (PE) and cardiolipid (CL) 
were found to represent  90% of total  mitochondrial  
phosvholipids (Table II). Compared  to cold exposed 
control rats, BAT denervat ion and warm re-exposure 
significantly increa:~ed the percentage of PC (about 
6%) and decreased that  of PE to a grea ter  extend 
(about 9%). The  ratio of PC to PE was significantly 
increased by 16% and tended towards the PC and PE 
percentage attd rat io observed in 28°C control rats. 

Acute  injection of the potent  /3.agonist isopro- 
terenol (200 p ,g /kg  intramuscularly 90 min before 
killing) in warm re-exposed rats Icd to a small decrease 
of PC to PE ratio in BAT mitochondria  (0.91 :t:0.01, 
P < 0.05). 

Whereas  BAT sympathectomy and de-adaptat ion 
exerted the same effect an phospholipid classes, they 
had the opposite effects on fatty acid unsaturat ion 
(Table 11). Total unsaturat ion index (number  of double 
bonds per  100 total  fatty acids) was higher in the BAT 
denervated group (5%) compared to tile three other  
groups. Sympathectomy increased (5%) the polyunsat- 
uration index (reflecting essentially linoleic and arachi- 
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Fig. 3. Immunological characterization of BAT uncoupling protein in 
sympathectomiT.cd and warm re-exposed rats. 1, 28°C control rats; 2, 
sympathectomized rats; 3, warm re-exposed rats; 4, 5°C control rats. 

donic acids) whereas warm re-exposure decreased it 
(7%) to the same level as in 28°C control rats. 

Discussion 

In this experiment alterations induced in BAT mito- 
chondrial membrane following BAT sympathetic de- 
activation either by surgical denervation or by de-adap- 
tation to cold were compared. We observed a decrease 
in thermogenic activity evidenced by a decrease in 
GDP bindh~g and proton conductance and an i~'~reas¢ 
in PC to PE ratio. For warm re-exposed rats, the. ~alues 
were close to those of control rats (28°C). whereas a 
higher activity was observed in sympathectomized rats. 
This difference could be explained by a residual con- 
tent of norepinephrine (15% to 20%) [27] which is 
believed to be the primary mediator of the thcrmo- 
genie response of BAT, acting directly on adipocytcs 
[2[~] t~ut such bilateral denervation completely prevents 
trophic response when rats are exposed to ,:old [29]. 
Several studies suggest that other neural or hormonal 
influences can participate in the control of BAT ther- 
mogenesis [30,31]. Factors such as thyroid hormones, 
insulin and adrenocortical hormones play a role in the 
adaptive changes that occur in BAT during cold expo- 
sure. Another possibility to explain the persistance of 
thermogcnic activity is the well kn3wn hypersensitivity 
of denervated structures to ~-agonist stimulation [32]. 

The variations of proton conductance were more 
marked than those of GDP binding although they 
followed the same trend. In fact CmH + is the primary 
functional parameter of the uncoupling protein which 
function is to channel protons. Recent work of Katyim" 
et al. [33] had shown that the proton translocation site 
is structurally different and distinct from the GDP 
binding site. It is likely that various factors other than 
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the number of GDP binding sites may contribute as 
modulators of proton transport [34]. For instance, 
membrane potential may enhance proton leak through 
the" uncoupling protein. Such factors may explain the 
larger variation of CmH +. 

Uncoupling protein content was not modified during 
the first days after surgical denervation, results at 
variance with the findings of Park and Himms-Hagen 
who report a 50% decrease 3 days after BAT denerva- 
tion [35]. In our experiment the very large increase in 
proton conductance aher acute injection of a/3-agonist 
confirms the stal:.ility of the uncoupling protein. 

In the same way, during the first days of warm 
re-exoosure uncoupling protein content is also largely 
maintained which confirms the marked lag in the de- 
crease in the concentration of the protein previously 
observed [36]. Under the condi,'~ons of the present 
experiment, it is likely that the decrease in mitocbon. 
drial protein mass is mainly related to the decrease in 
BAT protein mass as a whole. Thus, we conclude that 
switching off sympathetic stimulation does not lead to 
selective loss of the uncoupling proteit, during the first 
days. 

Comparison of direct immunological titration of the 
uncoupling protein with GDP binding or proton con- 
ductance revealed a masking of both the nucieotide 
binding sites and the proton channels of the protein. 
Masking of GDP regulatory sites by war:n re-exposure 
is a known phenomenon [36]. However, such large 
variations of the true functional parameter using a 
dit~t:t t:h~miosmotic approach is not presented in pre- 
vious publications. A masking/unmasking capacity of 
proton co~,ductance over one order of magnitude was 
clearly demonstrated here. Eve,:t in the cold, BAT 
surgical denervation led to an important masking of 
both GDP sites and proton conductance. Thus masking 
was the consequence of the impaired direct sympa- 
thetic stimulation of BAT. 

Although in many situations such as cold exposure, 
thermogenesis induced by a high fat diet or chronic 
administration of norepinephrine, BAT activity seems 
to be related to the degree of unsaturation in the fatty 
acids of mitochondrial phospholipids [7,37,38] no such 
evidence was found here. In fact, the decreased BAT 
activity was associated with increased unsaturation in 
sympathectomized rats or with decreased fatty acid 
unsaturation in warm re-exposed rats. Following a pre- 
,Jious study bearing on the effects o~ essential fatty acid 
deficiency on BAT mitochondria composition, we, have 
reported a similar lack of correspondance between 
unsaturation index or fluidity and thermogenic activity 
[81. 

The stimulation of BAT thermogenic activity 
whether obtained by cold exposure or by essential fatty 
:,eid deficiency is accompanied by a decrease of PC to 
PE ratio [7,tt]. Conversely, decreasing reid-induced 
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B A T  thermogenes i s  by sympa thec tomy or  by w a r m  
re-exposure  led to  an  increase in the PC to PE r a t i o  
PC to P E  ra t io  showed more  rap id  modif icat ions  than  
uncoupl ing  conten t .  Thus ,  the presen t  work  evidenced 
n o  link be tween  uncoupl ing  pro te in  con ten t  and  PC to 
PE ra t io  variat ions.  PC to P E  ra t io  is the  only modifi-  
ca t ion of  inner  m e m b r a n e  phosphol ip ids  observed here  
which follows systematical ly the modula t ion  of  func- 
t ional  activity which is modu la t ed  here  by a m a s k i n g /  
unmask ing  mechanism.  Thus ,  the p resen t  results com- 
plete  and  re inforce  ou r  previous observa t ions  [8]. 

The  mechan i sms  involved in the  m a s k i n g / u n m a s k -  
ing o f  G D P  binding sit~s o r  unac t i va t i on / ac t i va t i on  of  
the p ro ton  channe l  have not  been  estabIished.  Confor -  
mat ional  changes  in the  pr(  tein may be one  possibility. 
Direct  re la t ionship  betweer, m e m b r a n e  lipid composi-  
t ion a n d  G D P  binding o r  p ro ton  c o n d u c t a n c e  is not  
obvious since, to  ou r  knowledge  noth ing  is known 
about  the  lipids nea r  the uncoupl ing  protein.  Thus ,  the 
possibility tha t  modif ica t ions  of  the  phosphol ip id  envi- 
ronmen t  can  modify  ur~coupling pro te in  activity re- 
mains  to be  e luc ida ted .  

The  presen t  work  demons t ra t e s  sympathe t ic  control  
a n d  funct ional  in tpor tance  o f  U C P  masking  in B A T  
mi tochondr ia  and  fur ther ,  suppor t s  the  hypothesis  tha t  
the modula t ion  o f  phosphol ip id  composi t ion  may havc 
funct ional  stgnificance.  
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