
Rapid Publication

Intracellular Conversion of Thyroxine to Triiodothyronine Is Required

for the Optimal Thermogenic Function of Brown Adipose Tissue

Antonio C. Bianco and J. Enrique Silva
Howard Hughes Medical Institute Laboratory, Brigham and Women's Hospital, Department of Medicine,

Harvard Medical School, Boston, Massachusetts 02115

Abstract

The effect of thyroxine (Tf) and triiodothyronine (T3) on the
expression of uncoupling protein (UCP) in rat brown adipose
tissue (BAT) has been examined. Thyroidectomized rats have a

threefold reduction in basal UCPlevels. Whenexposed to cold,
they become hypothermic and show a fivefold lower response of
UCPthan euthyroid controls. T3 augments the basal levels and
the response of UCPand its mRNAto cold in a dose-dependent
manner. However, to normalize the response of UCP, T3 has to
be given in a dosage that prodpces systemic hyperthyroidism.
Mere T3 replacement corrects the systemic hypothyroidism but
not the hypothermia or the low levels of UCP. In contrast, re-

placement doses of T4 prevent the hyppthermia and correct the
UCPlevel. Both effects off TX are Olocked by preventing T4 to
T3 conversion in BAT. Thus, the optimal UCPresponse to cold
and protection'against hypothermia require a high BATT3 con-

centration, which is attained from euthyroid levels of T4 via the
activation of the BATT4 5'deiodinase during cold exposure, but
not from euthyroid plasma T3 levels.

Introduction

Brown adipose tissue (BAT)' is a site of facultative nonshivering
thermogenesis where heat production increases markedly in re-

sponse to low ambient temperature and overfeeding (diet-in-
duced thermogenesis) by mechanisms triggered by the sympa-
thetic nervous system (1-3). The cornerstone of these responses
is the capacity of BAT to increase the oxidation of fatty acids

and, at the same time, to uncouple oxidative phosphorylation.
This latter is accomplished by a' 32-kD protein located in the

inner membrane of mitochondria called thermogenin or un-

coupling protein (UCP). This protein is unique to BAT and
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considered to be a rate-limiting factor for the thermogenic func-
tion of this tissue (3). Thyroid hormone has also a well recognized
thermogenic effect, but this is believed to result largely from the
widespread metabolic stimulation in other tissues rather than
in BAT, where it would just play a permissive role (4, 5). How-
ever, BAT contains a thyroxine (T4) 5'deiodinase (5D), which
catalyzes the conversion of T4 to triiodothyronine (T3), 10 times
more potent than T4 (6). This enzyme is markedly activated by
sympathetic stimulation (7, 8), which results in a several-fold
increment in the concentration of T3 in BAT with'no major
change in plasma levels of T4 or T3 (8). Moreover, we have
recently found that BAT has the potential to respond to T3 in
that it contains nuclear T3 receptors in number comparable with
the pituitary and liver, both highly sensitive to thyroid hormone.
Over 50% of the nuclear-bound T3 is generated via BAT 5D,
resulting in an overall receptor saturation of "-70% (9). These
findings suggest a critical role for thyroid hormone and hence
for BATSDin the function of the brown adipocyte. Accordingly,
we have examined in rats the effect of thyroid hormone, specif-
ically the intracellularly generated T3, on the response of UCP
to cold stress. Wehave found that T3 is critical for the full re-
sponse of UCPto cold and that BAT5D is essential in providing
the appropriate BAT T3 content at euthyroid plasma levels of
T4 and T3.

Methods

Animals. The experiments were performed in Sprague-Dawley rats (Zivic-
Miller, Allison Park, PA). Thyro-parathyroidectomy with parathyroid
reimplant was performed by the supplier. Experiments were performed
3-4 wk after surgery.

Analytical procedures. Mitochondria were isolated from BAT by
standard techniques of subcellular fractionation. UCPwas purified from
cold-acclimated rats following methods previously published (10, 1 1).
The identity of purified UCPwas confirmed by its ability to bind gua-
nosine diphosphate. Proteins were analyzed slab polyacrylamide gel
electrophoresis in the presence of sodium dodecyl sulfate (SDS PAGE)
(12). Rabbits were immunized with purified UCP. Antisera were analyzed
by immunoblotting after electrotransfer onto nitrocellulose filter in 200
mMglycine, 20% methanol, and 25 mMTris buffer (pH 8.3). Parallel
gels were stained with Coomassie Blue. Immunobl6tting was performed
with 1/100 UCPantisera overnight at 4VC followed by a 2-h incubation
with goat anti-rabbit gammaglobulin conjugated to horseradish per-
oxidase. Immunocomplexes were visualized with diaminobenzidine and
H202. A solid-phase immunoassay was set up in nitrocellulose wells
(MillititerR plates, Millipore Corp., Bedford, MA). The antigen, either
purified UCPor crude mitochondrial protein, was diluted with 150 mM
NaCl, 10 mMEDTA, and 50 mMTris buffer (pH 8.6) and immobilized
overnight at 4VC in multiple nitrocellulose well plates (Milhititer'-, Mil-
lipore Corp.) in a volume of 20 ,l/well. The wells were washed and the
nonspecific binding blocked with 2% gelatin/0. 1% Tween 20 for 2 h.
After rinsing, the wells were incubated overnight with a 1/200 dilution
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of UCPantiserum at 4VC. The amount of antibody bound to the wells
was quantitated with 25I-labeled Staphylococcus protein A in a 2-h in-
cubation (13). The results are expressed as micrograms of UCPper mil-
ligram of mitochondrial protein. Immunoprecipitation of 35S-labeled UCP
labeled from in vivo injections of [35S]methionine or in vitro translated
mRNAwas carried as described (14) with minor modifications. Equal
aliquots of mitochondria (after in vivo labeling) or of TCA-insoluble 3S
counts (in vitro translation) were incubated overnight with a 1/100 di-
lution of UCPantiserum in 10 mMphosphate buffer (pH 7.5) containing
150 mMNaCl, 1% deoxycholate, and 1% Triton X-100 (14). The im-
munocomplexes were precipitated with goat anti-rabbit IgG for 2 h at
4VC and recovered by centrifugation for 20 min at 2,000 g through a
cushion of 1 Msucrose. The pellets were washed, counted or analyzed
by SDSPAGE, and autoradiographed. Polysomal RNAwas prepared
as described previously (15) in the presence of 10 mMvanadyl ribonu-
cleosides complexes. Polysomes were resuspended in 4 Mguanidinium
isothiocyanate and RNAwas recovered by centrifugation through 5.7
MCsCl (15). Poly A RNAwas isolated with a commercial Poly-U-
coated paper, HybondR-mAP (Amersham Corp., Arlington Heights, IL)
as described elsewhere (16). The yield was -10Isg/g tissue. 1 ,g of
polysomal mRNAwas translated in a rabbit reticulocyte lysate (Bethesda
Research Laboratories, Gaithersburg, MD) in the presence of carrier-
free [35Sjmethionine, as described by Pelham and Jackson (17) and with
the modifications introduced by the manufacturer of the kit. BAT 5D
and a-GDP activities were measured as described elsewhere (6, 18, 19).

Experiments. Details pertaining to specific protocols are given with
the results. Animals were placed at 4°C for 19 or 48 h with water and
food ad libitum, with the same light/dark cycle as the controls at 25°C.
T3 or T4 were injected subcutaneously in 10% rat serum in sterile saline.
Iopanoic acid (IOP), 5 mg/ 100 g body weight (BW) per d, was injected
intraperitoneally dissolved in alkalinized saline (pH 10-1 1) (20); the first
injection preceeded the T4 treatment by 12 h. Controls received the
appropriate vehicles. Core body temperature was measured with a
thermistor introduced - 5 cm in the rectum. In one experiment '25I-T4
was injected to assess the effectiveness of lOP to inhibit T4 to T3 conversion
in vivo; the injection, isolation of BAT cell nuclei, and extractiop and
analysis of the 1251-T3 were performed as described previously (9). Sta-
tistical analysis of the results included one-way analysis of variance and
multiple comparison using the RS/ I programs of the BBNInstruments
Corp. (Cambridge, MA).

Results

Purification of UCP, antisera, and immunoassay. The yield of
UCPwas -70 ;g/g of BAT. One out of four rabbits immunized
with two injections of 50 ,ug of UCPgave a highly specific an-
tibody that has been used in the present experiments. Fig. 1 A
illustrates the degree of purification of UCPand the presence of
a prominent 32-kD band in mitochondria (lanes 4 and 5), but
not in cytosol. The immunoblotting of these proteins, after
transfer to nitrocellulose paper (Fig. 1 B), identifies the 32-kD
band as UCPand illustrates the specificity of the antibody. The
assay was highly specific and sensitive; it could detect 50 ng of
UCP, which allowed us to assay as little as 1-2 ,g of mitochon-
drial protein (see Fig. 2).

Effect of thyroid hormones on body temperature and UCP
levels in rats maintained in the cold for 48 h. Intact rats main-
tained their core temperature after 48 h at 4°C, whereas the
hypothyroid animals had severe hypothermia (Table 1). At 25°C,
the UCP level in hypothyroid animals was about one-third of
that of intact rats (10 vs. 32 ag/mg) and, although in both groups
increased significantly with the cold exposure, the level was four
to five times higher in the euthyroid than in the hypothyroid
rats (76 vs. 17 -g/mg; Table I). Groups ofthyroidectomized (Tx)
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Figure 1. (a) SDSPAGEof purified UCP(lane 2), BAT cytosol (lane
3), and BAT mitochondria fraction either treated (lane 4) or not (lane
5) with 3.2% lubrol. (b) Immunoblotting of the gels shown in A with
our rabbit anti-rat UCPantiserum after electrotransfer onto nitrocel-
lulose paper. Lane 1, purified UCP; lane 2, cytosol; lane 3, lubrol-
treated mitochondria; and lane 4, crude mitochondria.

rats were treated with T3, 150 ng/ 100 g of BWsubcutaneously
twice daily for 5 d. This dosage replaces the daily production
rate of T3, normalizes serum T3 concentration, and restores

growth rate and liver enzymes in Tx rats (21). This regimen of
T3 did not prevent the cold-induced hypothermia, and did not
correct the UCPconcentration either at room temperature (in-
creased only to 17 pg/mg) or in the cold (increased only to 27
pg/mg, one-third of the response of intact animals). Note that
T3 normalized the mitochondrial liver enzyme aGPD(Table I),
a sensitive marker of thyroid hormone action in this organ (18),
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Figure 2. Solid-phase immunoassay of UCP. The ordinate represents
the amount of '25I-labeled protein A bound to the wells. Purified UCP
(open circles) and crude mitochondrial protein (squares) generated
parallel lines; preadsorption of the antiserum with 100 gg of UCP(tri-
angles) prevented the binding.
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Table I. Effect of 48 h of Exposure to 40C
on Mitochondrial Levels of UCPin Intact and Tx Rats
Treated with T3 or T4, with or without IOP

Body
Treatment groups Temperature UCP temperature Liver aGPD

'C jg/mg protein 'C AOD/min
X 102

Intact 25 31.8±2.1 37.9±0.1 8.3±0.7
Tx 25 10.0±0.5 37.7±0.2 3.1±0.4
Tx + T3 25 17.0±0.9 - 9.3±0.4
Intact 4 75.6±8.7 37.6±0.1 8.7±0.5
Tx 4 17.2±0.8 29.0±3.5" 2.3±0.3
Tx + T3 4 27.4±1.3* 35.6±0.5" 8.9±0.8
Tx + T4 4 63.4±6.9 37.0±0.3 5.2±0.6
Tx + T4 + lop 4 26.0±2.3* 34.9±0.3" 3.0±0.5
Tx + T4 + T3 4 58.4±4.3 - 9.2±0.5
Tx + T4 + T3

+ lOP 4 32.7+2.5§ - 8.6±0.7
F 379.4 106.0 215.4

Values are the means±SD of four to five animals. Tx rats were treated
with T3 as described in Fig. 2. T4, 400 ng/100 g BW, was given every
12 h while the rats were in the cold. lOP, 5 mg/ 100 g BWper d, was
injected intraperitoneally starting 12 h before the first injection of T4.
Cold exposure lasted 48 h. Body temperature was measured with an
electronic probe inserted -5 cm in the rectum. Liver aGPDwas mea-
sured as described previously and expressed as ODunits/min per mg
of protein. Intact, Tx + T4, and Tx + T4 + T3 at 40C were not differ-
ent. UCPand aGPDin Tx at 25'C was significantly lower than in the
intact controls (P < 0.001); core temperature was not different.
One-way analysis of variance: * P < 0.01 vs. Tx at 40C; *P < 0.01 vs.
Tx + T4at 40C; P < 0.01 vs. Tx + T4+ T3at 4C;Q P < 0.01 vs.
intact rats.

as it normalized serum T3 (not shown but see Table III for a
similar experiment). In contrast, an amount of T4 equal to the
production rate (7), 400 ng/100 g BWsubcutaneously twice daily,
just during the 48 h of the cold stress, resulted in a UCPlevel
of 63 ug/mg, statistically not different from the response in the
euthyroid animals, and prevented the hypothermia. This regimen
of T4 did not correct the systemic hypothyroidism because it did
not normalize either serum T4, T3, or liver aGPD. 1OP, a potent
competitive inhibitor of 51D (20), abolished the correction by
T4 of both, the UCPlevels and hypothermia. The effectiveness
of 1OP to block T4 to T3 conversion was confirmed with 125I-T4
injected to a parallel group of animals. 1OP decreased nuclear
1251-T3 by >90% without affecting plasma or BAT 125I-T4 con-
centrations, and abolished the activity of the BAT 51D.

Response of UCPto various doses of T3. To understand better
the quantitative relationships between the UCPresponses and
BATT3, Tx rats were treated for 5 d with 0. 15 ,ug T3/ 100 g BW
subcutaneously twice a day and then placed them in the cold
for 48 h. At this time, they were segregated in groups of four
rats which were injected subcutaneously with various doses of
T3 at - 12-h intervals. The results are shown in Table II. The
highest dose, 4.7 gtg/l 00 g BWper d, elevated the post-cold level
of UCPfrom -8, in the untreated rats, to 41 Ag/mg of mito-
chondrial protein, a response still lower than in euthyroid animals
or in Tx rats treated with T4 for 48 h where UCPlevel reached
~-70 gg/mg (Table I). In contrast, the lowest dose of T3 nor-

Table II. Effects of Various Doses of T3
on Mitochondrial Levels of UCPin Thyroidectomized (Tx)
Rats After 48 h of Cold Exposure

Dose T3 UCP Serum T3 Liver aGPD

ig/1i00 g BWper d ug/mg protein ng/ml AOD/min X 102

0.0 8.0±0.4 0.08±0.02 3.3±0.5
0.3 10.6±0.5 0.59±0.04 8.9±0.4
0.5 11.7±0.9 1.13±0.08 10.7±1.3
0.8 12.4±1.0 1.74±0.10 12.4±0.9
1.3 15.3±1.1 2.77±0.40 14.1±0.3

2.1 23.4±1.5 4.66±0.66 16.4±1.0
4.7 41.6±3.7 10.72±2.10 19.6±2.3
Intact 75.6±8.7 0.67±0.08 8.7±0.5
F 202.9 256.6 63.9

Values are the means±SD of four animals. Tx rats were injected twice
daily with either 150 ,gg T3/100 g BWor vehicle (top group) for 5 d;
they were then segregated in seven groups and given the daily doses of
T3 indicated in the table divided in two subcutaneous injections. This
treatment lasted two consecutive days while the rats were maintained
at 40C. Serum T3 was measured in unextracted serum by radioimmu-
noassay (14). For all three variables the response to the lowest dose of
T3 was significant (P < 0.01).

malized the liver aGPDand serum T3 concentration, whereas
higher doses resulted in hyperthyroid serum levels of T3 and
aGPDactivity. Actually, the highest dose of T3 provided an
average nuclear receptor saturation of >90%, as can be calculated
from the half-saturating plasma T3 concentration (9) and the
integrated plasma T3 concentration obtained from the serum T3
level in Table II and the half-time of disappearance of T3 from
plasma in cold-exposed rats (8).

Effects of acute cold exposure and thyroid hormones on the
endogenous labeling of UCPwith [35Sjmethionine in hypothyroid
rats. To determine whether the effect of thyroid hormone was
due to increased synthesis of UCP, Tx rats were treated with T3
as above and placed in the cold. Other animals were injected
with a single intraperitoneal dose of 800 ng T4/ 100 g BW, either
alone or in addition to the T3 regimen, at the time of starting
the cold stress. The total duration of the cold stress was 19 h.
After 16 h in the cold, the rats were injected intravenously with
-300 ,uCi of [35S]methionine and killed 3 h later. The immu-
noprecipitates of mitochondrial proteins were analyzed by SDS
PAGEand autoradiography. The autoradiograms showed only
one 32-kD band of radioactivity in all the experimental condi-
tions (Fig. 3 A). The intensity of this band, which represents the
fraction of 35S counts incorporated into protein as UCP, was
enhanced by cold exposure. This response was only slightly im-
proved by T3 but markedly enhanced after one dose of T4. Table
III presents a more detailed and quantitative account of this
experiment. Results are expressed as the mean±SD percent of
the protein-bound 35S recovered in the immunoprecipitate in
the individual rats. While T3 augmented the response to cold
by -90% over the untreated animals ([4.73-2.45]/[3.62-2.45]),
a single injection of T4 amplified fivefold the response to cold
in hypothyroid rats ([8.37-2.45]/[3.62-2.45]; see Table III). The
increments in [35S]methionine incorporation after these manip-
ulations were of comparable magnitude to those observed in
immunoreactive UCPlevels during 48 h of cold exposure (Table
I). If the effects of thyroid hormones were due to reduced rates
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Figure 2. (a) SDSPAGEof immunoprecipitates of in vivo
[35S]methionine-labeled BAT mitochondrial proteins from Tx rats.
Lane 1, Tx at room temperature; lane 2, untreated Tx in the cold;
lane 3, T3-treated Tx in the cold; and lane 4, as in lane 3 plus one
dose of 800 ng T4/I 00 g BWat the start of the cold stress. Cold stress
lasted for 19 h. [35S]methionine was injected after 16 h at 4 C. T3 dos-
age, 150 ng/100 g BWsubcutaneously every - 12 h for 5 d. (b) SDS
PAGEof immunoprecipitated UCPtranslated in vitro in a rabbit re-
ticulocyte lysate. (Bethesda Research Laboratories) incubated with 1
tg of BAT cytoplasmic mRNAand carrier-free [35S]methionine. Rats
were maintained at room temperature or placed in the cold room at
4°C for 19 h; they were grouped and treated as follows; lane 1, intact
rats; lane 2, intact rats 4°C; lane 3, Tx rats; lane 4, Tx rats at 4°C;
lane 5, Tx rats at 4°C and treated with T3 as for lane 3 in A; lane 6,
Tx rats at 4°C treated with T3 and T4 as in A, lane 4; lane 7, same as
in lane 6 plus IOP 5 mg/100 g BWintraperitoneally 12 h before T4
administration. Each lane represents the pooled mRNAfrom four
rats. The numbers at the bottom of each lane represent the percent of
TCA-insoluble counts that were precipitated with the antibody.

of degradation of UCP, the increments over the untreated ani-
mals would have been time dependent, i.e., much larger after
48 h of cold exposure than after 3 h of endogenous labeling.
Thus, cold induces a rapid but modest response of UCPto cold
in hypothyroid rats and thyroid hormone amplifies the response
by increasing the synthetic rate of the protein. As with the im-
munoreactive levels, the response to cold is just modestly in-
creased by 5-d replacement with T3 but markedly augmented
by one replacement dose of T4 in a 19-h interval. The T3 regimen
normalized the serum concentration of T3 and the liver aGPD,
as it did in the other experiments, whereas the dose of T4 did
not improve the low level of aGPDnor did it normalize the
serum level of T3 (not shown).

Effect of cold exposure and thyroid hormones on the UCP
mRNAlevels. To determine whether the thyroid hormone-in-
duced increase in UCPsynthesis was pre- or posttranslational,
we examined the products of translation of BATmRNAobtained
under the same conditions of the preceeding experiment. Neither
the amount of mRNArecovered per gram of tissue nor the re-
covery of TCA-insoluble 35S counts after translation was signif-
icantly affected by the various experimental manipulations.
When identical numbers of TCA-precipitable 35S counts were

Table III. In Vivo [35S]Methionine Incorporation into BATUCP
after 19 h of Cold Exposure in Tx Rats Treated with T3 and/or T4

Treatment groups Temperature UCP Liver aGPD

0C % vAOD/min X 102

25 2.45±0.27 3.4±0.2
4 3.62±0.25* 3.5±0.5

T3 4 4.73±0.39* 8.9±0.3
T4 4 8.37±0.39§ 4.3±0.6
T3 + T4 4 8.29±0.34§ 8.8±0.2
F 154.6 194.0

Values are the means±SD of three animals. Tx rats were treated with
T3 and/or T4 as in Fig. 2 A. Cold exposure lasted 19 h and [35S]methi-
onine was injected intravenously 3 h before the end of this period.
UCPwas immunoprecipitated as described under Fig. 2 A and ex-
pressed as percent of total [35S]methionine-labeled mitochondrial pro-
tein. Liver aGPDas inTable I.
One-way analysis of variance: * P < 0.01 vs. Tx at 250C; tP < 0.01 vs.
Tx at 40C; IP < 0.01 vs. Tx + T3 at 4-C.

immunoprecipitated with the UCPantiserum, the incorporation
of [35S]methionine into UCPwas found higher in euthyroid than
in untreated Tx rats at room temperature (3.1 vs. 1.6% of the
TCA-insoluble counts, Fig. 2 B). After 19 h of cold exposure
there was a 3.5-fold increment in immunoprecipitable counts
in intact animals to 10.6% of the TCA-insoluble counts, whereas
in the untreated Tx rats this value was 2.7%. T3 replacement for
5 d as described above improved the response to cold to about
one half of that observed in the intact animals, whereas a single
injection of 800 ng T4/ 100 g BWto Tx rats sufficed to normalize
the UCPmRNAresponse to cold. As above, the blockade of T3
generation from T4 with IOP prevented the effect of the latter.
Thus, the responses in immunoreactive UCPconcentration and
in synthetic rate are likely to reflect levels of the corresponding
mRNA.

Discussion

UCPis rate limiting for the thermogenic response of BAT (3).
It is thanks to this protein that the augmented oxidation of sub-
strates in BAT, largely fatty acids, can result in marked incre-
ments in heat production and energy dissipation in overfeeding
(1-3). Hypothyroid animals and humans are known to be at
risk of hypothermia in cold environments. The protective effect
of thyroid hormone has always been considered to result from
the stimulation of oxidations in a variety of tissues. Wehave
confirmed that hypothyroid animals cannot maintain their core
temperature when exposed to cold and that the abnormality is
rapidly corrected by thyroid hormone, but the prevention of the
hypothermia correlated with the correction of the UCPlevels,
not with the correction of liver aGPD.

Because of our earlier demonstration of the activation of
BAT5Dby sympathetic stimulation and the several fold increase
in BAT T3, we suspected that T3 was more important for BAT
than previously recognized (7, 8). On the other hand, the enzyme
is rapidly inhibited by high doses of T4 (22), and the experiments
exploring the effect of thyroid hormone on BAThad been done
with high doses of T4 in animals exposed to cold (4, 5). We
reasoned that the cold-stimulated deiodinase activity and the
magnitude of the T4 doses, probably resulted in shallow dose-
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response curves leading to the concept that thyroid hormones
were just permissive. Wehave shown here that the UCPresponse
is clearly T3 dose dependent. In addition, we found that the dose
of T3 necessary to normalize UCPis in the hyperthyroid range,
which we have documented with the hyperthyroid levels of
aGDPactivity in the liver. Based in recent studies (9), we cal-
culated that the highest dose of T3 used in the present experiments
maintained the nuclear T3 receptors -90% saturated. A cal-
culation of nuclear occupancy in similar experiments (Bianco,
A. C., and J. E. Silva, manuscript in preparation) indicates that
the UCPresponse is not linear with nuclear occupancy but of
the amplified pattern shown by Oppenheimer et al. for aGPD
and malic enzyme in rat liver (23). This, and the finding that
the receptors are 70-75% occupied in euthyroid rats at 250C
(9), suggest that the optimal response of this tissue to cold requires
a high degree of saturation.

The critical level of BAT T3 needed for a full response is
much more efficiently reached by in situ intracellular generation
than from plasma T3. Only one replacement dose of T4 can
normalize the response of UCPto cold in animals with chronic
hypothyroidism, but several days of T3 replacement were in-
sufficient. The latter, however, normalized both serum T3 and
liver aGPD, documenting the adequacy of the regimen to replace
this hormone. Blockade of T4 to T3 conversion by IOP prevented
the effect of T4 but not that of T3, without affecting the plasma
levels of either iodothyronine or decreasing the T4 availability
in BAT. This suggests that it is the T3 generated in BAT, and
not plasma T4 or T3, the relevant hormone for the UCPresponse
to cold. In previous studies (8), we showed that, after a dose of
T4 identical to that used in the present experiments, 4 h of cold
exposure resulted in - five times as high locally generated BAT
T3 as that of rats maintained at room temperature. The excess
of T3 was due to the sympathetic activation of BAT 51D because
it was prevented by prazosin, an al-antiadrenergic agent that
impairs the cold- and the norepinephrine-induced activation of
BAT 5'D (7, 8). The present results illustrate the relevance of
such activation, for a dose of T4 insufficient to normalize the
serum T3 concentration or liver aGPD, normalized the UCP
response to cold. To obtain the same response with exogenous
T3 requires of doses causing hyperthyroid levels of serum T3 and
liver aGPD.

Acute exposure to low ambient temperature results in a rapid
increase of the mRNAlevels of UCP(24). T3 also increases the
rate of synthesis of this protein both, at room temperature and
in response to cold, which reflects proportional elevations of
corresponding mRNA. Whether the effect of thyroid hormone
is direct, either by increasing the transcription rate of UCP
mRNAor to stabilizing this mRNA, or whether the effect is
indirect by amplifying a signal triggered by the sympathetic ner-
vous system, remains to be demonstrated. Whatever the mech-
anism involved, this is another situation where thyroid hormone
amplifies the response to a primary stimulus, in this case the
sympathetic nervous system, as it does with the response of li-
pogenic enzymes to carbohydrates (25), and in that constitutes
an excellent model to study thyroid hormone action at molecular
level. Of course, the use of UCPas a model of thyroid hormone
action at cellular level mandates to demonstrate that the UCP
responses observed here are direct e.g., not mediated through
an effect on the adrenergic pathway, which will probably need
the development of an in vitro system. Because BAT function
in hibernating species is to warm the hypothermic body of these
animals at the end of hibernation (2, 3), the possibility that hy-

pothermia itself impaired the raise of UCPin the present ex-
periments is remote, but also must be excluded.

Two corollaries emerge from the results presented here. First,
that BAT 5'D is a key element in the function of BATand hence
a variable that may affect the physiological responses of this
tissue. This conclusion is in agreement with the observation that
ob/ob mice die of hypothermia when exposed to cold, for in
these animals the BAT 5'D is not activated by the cold as in
lean controls (26). Secondly, that at euthyroid levels of T4 and
T3, the thermogenic effect of T3, evidenced in its ability to pre-
vent hypothermia at low ambient temperature, results largely
from its action on BATand not from its various and widespread
metabolic effects in other tissues. The present data suggest that
the stimulation of UCPsynthesis is one of the mechanisms by
which thyroid hormone exerts this physiological effect, but the
possibility that T3 affects other aspects of BATmetabolism lead-
ing to the same results, remains open. Because the calorigenic
BAT response may be limited by the saturation of the receptors,
one would expect that the increased thermogenesis observed in
hyperthyroidism results largely from the direct action of thyroid
hormones in other tissues, where an increase in respiration has
been well documented (27, 28).
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