Biochimica et Biophysica Acta, 1107 {1992} 159-164 159
© 1992 Elsevier Science Publishers B.V. All rights reserved 0005-2736/92/$05.00

BBAMEM 75651
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Male Long-Evans rats (9 wecks of age) were exposed to cold (5°C) for 10 days. Then, sympathetic Az-activation of brown adipose
tlssuc (BAT) was performed cilhcr by BAT surgical denervation (Sy) or by warm re-cxposure at 28°C (WE) for 4 days. The

of the two ic activity of BAT mitochondric! membranes and their lipid composition was
investigated. Sy and WE mduccd a large decreasc m GDP bmdmg on th uncouplmg protein (UCP) {43% and 82%,
respactively). Several parameters of mitoct ion were i y and WE sut UCP-de-

pendent proton conductance (CmH™*) over the whole range of promnm-mvc force. ('.‘mH+ showed greater variatva thaa GDP
binding. The low basal UCP-independent CmH * was the same in alt groups. Comparison of GDP binding and CmH* with UCP
content which is not modified rcvcaled a masking of both thc nualccndc binding site and the proton channcl. Sy and WE
induced the same increase of hati fine to ph lamine ratio (16%) but had oppus'nle cffects on falty amd
unsaturation. The results were discussed with reference to functionai significance of these varia in BAT ial
thermogenic activity and lipid composition,

Introduction classes is modmed 17, 8] Howwer, a study of BAT
therme i by I fatty acid defi-
Brown adipose tissue (BAT) is the major site of both ciency has shown no relativnship between BAT activity
non-shivering ther is and diet-induced thermo- as assessed by GDP binding and fatty acid unsaturation
genesis [1,2). It has been found to be a commor effec- 8 (.onseuuently funhc:r studles 1re required to re-
tor for both thermic and weight regulation [3). In this solve the qi of the compo-
tissue the respiration rate is controlled by an uncou- sition and function of BAT mltochondnal membranes.
pling protein located in the inner mitochondrial mem- The dwelopm-.m of ihumogencua in BAT is under
brane wiiich acts as a proton translocator [4]. The the control of hypott i un.m. ry centers
proton extrusion linked to substrate oxidation is dissi- and the et‘fector hway i the ic sys-
pated to produce heat rather than used to generate a tem via the release of norepinephrine [9,10].
protonmotive force driving ATP synthesis. In the present study the possible involvement of the
The possibility of relationships between the compo- sympath(,uc system on the structure / function relation-
sition and the function of biomembranes has attracted ships is igated by d ing cold-induced BAT
attention {5,6}. Stimulation of BAT by exp: to cold thermogenesis either by surgical denervation of the
is accompanied by substantial modifications in mito- tissue or by warm re-exposure.
chondrial composition. Fatty acid unsaturation in- The aim of the work is to study the functional
creases and the relative proportion of phospholipid importance of such deactivation which is d ated

by comparmg several parameters of mitochondrial en-

potential, p
Correspondence: M. Goubern, Laboratoire d’Adaptation Energé- force a!‘d .effecuve proton mnflucmnce .WIth classical
tique & ['Environnement, EPHE, 11 place Marcellin Bertheiot, 75231~ GDP binding test and uncoupling protein content. In
Paris Cedcx 05, France. addition the possibility of modifications of mitochon-
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drial fipid «c 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 wecks 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 rc-cx-
posed at 28°C (thermal neutrality) for 4 days. In a
second group, interscapular BAT was surgically dener-
vated: animals were anesthetized with chloral hydrate
(300 mg/kg i.p.), the five pairs of nerves supplying the
two BAT lobes werc isciated and cut without damage
to the tissue. Then 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 cuntrol groups were introduced
to indicate the lowe: limit (thermal neutrality) and the
upper limit (10-day. wld exposure which correspondeu
to minimal and ioi of BAT mitochon-
drial proton conductance in the rat [i7]). Interscapular
BAT was rapidly dissected out and used for cxperi-
ments.

Isolation of mitochondria

Mitochondria were isolated vy Cannon and Lind-
berg’s method [11]. After the last centrifugation, they
were kept in 250 mM sucrose, 5 mM Tes (pH 7.2).
Mitochondrial protein yicld was determined by spec-
trophotometric assay of cytochrome-¢ oxidase method
described by Yonetany and Ray [12].

GDP binding

Purinc nucleotide binding was assessed by the
method described by Nicholis {13]. Various concentra-
tions of GDP were used (0.1. 1, 3 uM) to test the
lincarity of a Scatchard 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 mcmbrdnc potential with a laboratory constructed
tetrapt hosphonil (TPP*) sel electrode
[14]. Measurements were carried out in a medium
containing 100 mM sucrose, 20 mM Tes, 4 mM
KH,PO;, 2 mM MgCl,, | mM EGTA, 1% w/v fatty
acid free serum albumin, 5 M rotenone (final volume
1.5 mi). 0.5 mg mitochondrial protein was added per
assay. Respiration ratc was modulated by varying a-
glycerophosphate substrate concentration. Being de-
pendant on the native Cmh*, staic 4, which is invesii-

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 of the mito-
chondrial inner membrane CmH™* (nmol protons per
mg proteins flowing through the membrane per min
per mV of protonmotive force 4p), proton current Jy,+
was calculated from the respi y rate, Jg, on the
assumption that six protons were extruded by the respi-
ratory chain per two clectrons transferred to oxygen
(a-glycerophosphate oxidation). CmH* was calculated
according to the following equation:

g i _ ot /0)
-

ap

where J, was expressed in natom O per min per mg
protein and Ap = A¢ ~ 594pH was expressed in mV
at 25°C.

Ap was calculated according to the linear relation-
ship previously blished experis ally t ay
and Ap (in these conditions: 594pH = 0. 73Adl 76 (in
mV)). Technical conditions applied here to calculate
CmH* have been discussed in details elsewhere [17,18],

U ling protein de
Western blots were used. Ewes were injected with
purified BAT uncouplmg protein of cold-adapted rala
in order to raise antib: Rat hondrial p
were separated by polyacrylamide gel electmphorcsns
and electroceluted from the gels to nitrocellulose. Activ-
ity staining was effected with anti-ewe 12G conjugated
to alkaline phosphatase to develop coloration. Densito-
metric scanning of blots was performed with a Shimazu
5930 densitometer (19,20]
Mitochondria! proteins were assayed by the methad
of Lowry et al. {21].

Lipid composition

Total lipids were extracted as described by Folch et
al. [22]. Phospholipid classes were separated by two-di-
mensional thin-layer chromatograpiy [23}. Fatty acids
were methylated with sulfuric methanol, after extrac-
tion methyl esters were analyzed by gas-liquid chro-
matography using a 15% CP-SIL 84 on a chromosorb
WHP 80-100 mesh column previously described [8].
Organic phosphorus was determined as described by
Burtictt [24]),

Statistics

Data were expressed as mean + S.E. The signifi-
cance of the differences between different groups was
analyzed using Student’s r-test.



Results

BAT composition

As shown in Table I, comparison of BAT dener-
vated rats and warm re-exposed 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. Sympatbectomy 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
p d per mg mitochondrial p! (classical in-
dicator of the thermogenic state of the tissue (Table }).
and warm induce a large
decrease (43% 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 b~ obtainad if mitochondrial yield is
combined with specific GDP birding. In this case, 51%
and 85% decreases were observed in sympathec-
tomized and warm re-exposed groups, respectively.
However, total GDP binding was about 60% higher in
warm re-exposed rats than in 28°C controls.

Uncoupling protein
Fqnmauon of the uncoupling protein content by

ic tracing of i logical blots as shown
in Fig. 3 indicated 2.8-times more protein in the mnn-
chondria of 5°C control rats than in 28°C
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Fig. 1. i it of potential (Ad) with

respiration rate (V,,) in brown adipose msue mitochond:ia of sym-

h ized and warm posed rats. Respiration rate was mod-

ulated with additions (final ion 0.1-10

mM). Uncoupled state without GDP, coupled state with 1.2 mM

GDP. a, 28°C control rats; O, sympathectomized rats; @, warm
re-exposed rats; ®, 5°C control rats.

Energization parameters

Fig. 1 shows typical experiments in which values of
respivation rate were plotted against values of mem-
biane potennal Resplranon rate was modulated by
varying a-gly ration (0.1 10 mM)
in the absence of Ca?*, In the absence of GDP, a much
lower b potential was observed over the whole

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.

TABLE I

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
decicased by BAT surgical denervation, 4 days warm

Effects of surgical denervation or warm re-exposure on interscapular brown adipose tissue (BAT)

Results are expressed as mean £ S.E., with the number of

h Co

sympathectomy: " P < 0.01, * P < 0.001: significant effect of warm re- expusure € P <0001,

with cold exposed rats: significant effect of

§°C 8°C
control denervated W re-expased control
@ {6) (6) {6)
BAT wet weight (mg) 394 +23 430 5 440 +1S 414 15
Total tipids {mg) 109 5 157 x4® 17 £ 7°¢ 43 6
Mitochondria:
Proteins (mg) 194 + 20 163 +08 153 + 12 72 11
GDP binding (nmol)
per mg proteins 093+ 005 0.53£004° 0.17% 001 0.20:+0.02
per BAT 176 + 04 86 £04" 26 + 02° 14 & 02
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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 concentration of GDP [!7}, membrane pnten-

tial was i d. Relationshi
potential and oxidation raie were the same in the four
groups.

Fig. 2 shows the relationship t the calculated

TABLE Il

Effects of surgical denervation or wann re-exposire on the pioportions
of the main phospholipid clusses and fatty arid unsaturation indexes in
interscapular brown adipose tissue mitochondria

PC, i ine; PE, i CL., cardi-
olipin; TU, total indexes: PU, indexes
(uumber of double bonds per 100 total farty acids). Results are
expressed as mean+$.E. with the number of observations in paren-
theses. Comparison with cold exposed rats: significant cffect of

values of proton conductance, CmH“ and those of

ive force Ap (calculated as described in Ma-
tetials and Methods). CmH* was dependent on 4p
and establishement of the force / flux relationship make
comparison of CmH™ easier sver the whole range of
Ap. As expected, surgical denervation and warm re-ex-
posure substantially decreased CmH* cver the whole
range of Ap. CmH" levels were similar in de-adapted
rats and in 28°C control rais. In the presence of GDP,
residual conductance was found to be very low except
for higher values of 4p and was supcrposable for the
four groups.

Acute injection of isopivierenal (200 pg/kg intra-
muscalarly 90 min before killing) 1o sympathectomized
or warm re-exposed rats greatly enhanced CmH*. In
sympathectomized rats CmH™ reached the level ob-
served in the cold control group whereas in wann
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 conductance ‘amol H' min! mg™'prot. mv"

15,
f
1G
5
GDP
J
o 2 T au, O 8 @ ““f‘b
10 180 200
Protonrsotive force (mv)
Fig. 2. The of proton (Cryy» ) wilh

tive force {4p) in brown adipose tissue mitochondria of sympathec-

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. a, 28°C control rats; O, sympathectemized rats; @,
warm re-exposed rats; ®, 5°C control rats.

3P <005, * P <001, P <0.001; significant effect
of warm re-exposure: ¢ P < 0.05, * P <0.01.

5C ®C
control denervated W re-exposed control
[©] ) 16) (6)
PC 358 £08 379 303" 376 £02Y 400 00
PE 434 £10 395 +04° 394 £03° 355 +0.9
CL L6 £10 121 +10 129 +05 133 +0.7
PC/PE 0831093 096£001¢ 096£002° 1121003
:TU 14 +2 149 1" 140 2 142 %2
PU 131 2 137 #1% 120 £2¢ 120 42

content was not modified by this acute stimulation
witich indicates a pure unmasking process.

Mitochondrial phospholipids

Based on biochemical and histological studies {25,26]
it is admitted that the outcr membrane only accounts
for less than % in BAT mitochondria. Thus our
results reficcts ¢ssentially variations in composition of
the inner mitochondrial membrane. No sigaificant vari-
ation in the percentage of cardiolipin was observed
belwccn the four groups Phnsphaud)lchohne (PQC),

hatidylethanolamine (PE) and di 1 (CL)
were found to represent 90% of total mitochondrial
phospholipids (Tavle 11). Compared to cold exposed
control rats, BAT denervation and warm re-expusure
significantly increased the percentage of PC (about
6%) and decreased that of PE to a greater extsnd
{about 9%). The ratio of PC to PE was significantly
increased by 16% and tended towards the PC and PE
percentage and ratio observed in 28°C control rats.

Acute injection of the potent B-agonist isopro-
terenol (200 pg/kg intramuscularly 90 min before
killing) in warm re-exposed rats led to a small decrease
of PC to PE ratio in BAT mitochondria (0.91 + 0.01,
P <Q.05).

Whereas BAT sympathectomy and de-adaptation
2xerted the same effect en phospholipid classes, they
had the opposite effects on fatty acid unsaturation
(Tabie 11). Total unsaturation index (number of double
bonds per 100 total fatty acids) was higher in the BAT
densrvated group (5%) compared to the three other
groups. S; t my i d (5%) the poly
uration index (reflecting essentially linoleic and arachi-
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Fig. 3. ical of BAT protein in
ized and warm posed rats. 1, 28°C control rats; 2,

rats; 3, warm posed 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 bindiug and proton conductance and an in~rease
in PC to PE ratio, For warm re-exposed rats, the values
were close to those of control rats (28°C). whereas a
higher activity was observed in sympathectontized 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 thermo-
genic response of BAT, acting directly on adipocy
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the number of GDP binding sites may contribute as
modulators of proton transpost {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 denmervation, 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 after acute injection of a B-agonist
confirms the statility of the uncoupling protein.

In the same way, during the first days of warm
re-exposure 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 conditions of the present
experiment, it is likely that the decrease in mitochon-
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 proteir during the first
days.

Comparison of ditect immunological titration of the
uncouplmg protem W|tl1 GDP binding or proton con-

king of beth the nucieotide
binding sites and tile proton channels of the protein.
Masking of GDP regulatory sites by warn re-exposure
is a known phenomenon [36]. However, such large
variations of the true functional parameter using a
direct anm\osmotlc appmac‘l is not presented i m pre-
vious publi A / kil of
proton conductance over one order of magnitude was
clearly demonstrated here. Eveu in the cold, BAT
surgical denervation led to an important masking of
both GDP sites and proton conduciance. Thus masking
was the of the impaired direct sympa-

(26 but such bilateral denervation completely prevents
trophic respouse when rats are exposed to cold [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 kormones play a role in the
adaptive changes that occur in BAT during cold expo-
sure, Another possibility to explain the i of

thetic of BAT.
Although in many situations such as cold exposure,
thermogenesns induced by a hxgh fat diet or chronic
inistration of hrine, BAT achvny 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
.uuvny was associated with increased unsaturation in

thermogcenic activity is the well knawn hypersensitivity
of denervated structures to B-agonist stimulation [32).

The variations of proton conductance were more
marked thun 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 channe! protons. Recent work of Katyiar
et al. [33] ihad shown that the proton translocation site
is structurally different and distinct from the GDP
binding site. It is likely that various factors other than

ized rats or with decreased fatty acid
unsaturation in warm re-exposed rats. Following a pre-
vious study bearing on the effects of cssential 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 4cnvnv
whether ob d by cold or by | fatty
«cid defici is panied by a d of PC to
PE rativ [7,8). C ly, d ing cold-induced




164

BAT thermogenesis by sympathectomy or by warm
re-exposure led to an increase in the PC to PE ratio
PC to PE ratio showed more rapid modifications than
uncoupling content. Thus, the present work evidenced
no link between uncoupling protein content and PC to
PE ratio variations. PC to PE ratio is the only modifi-
cation of inner membrane phospholipids observed here
which follows systematically the modulation of func-
tional activity which is modulated here by a king/
unmasking mechanism. Thus, the present results com-
plete and reinforce our previous observations [8].

The mechanisms invoived in the masking/ unmask-
ing of GDP binding sites or unactivation/ activation of
the proton channef have not been established. Confor-
mational changes in the prctein may be one possibility.
Direct relationship betweer. membrane lipid composi-
tion and GDP binding or proton conductance is not
obvious since, to our knowledge nothing is known
about the lipids near the uncoupling protein. Thus, the
possibility that modifications of the phospholipi
ronment can modify uncoupling protein activity re-
mains to be elucidated.

The present work demonstrates sympathetic vontrol
and functional importance of UCP masking in BAT
mitochondria and further, supports the hypothesis that
the modulation of phospholipid composition may have
functional significance.
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