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Abstract

 

The mRNA levels for the mitochondrial uncoupling protein
(UCP1) in fat tissues of A/J and C57BL/6J inbred strains of
mice varied in a regional-specific manner after stimulation
of adrenergic signaling by cold exposure or treatment with
a 

 

b

 

3-adrenergic agonist. While the differences between
strains were minimal in interscapular brown fat, large dif-
ferences occurred in white fat tissues, particularly in retro-
peritoneal fat. Among the AXB recombinant inbred strains,
the 

 

Ucp1

 

 mRNA levels varied up to 130-fold. This large in-
duction at the mRNA level was accompanied by a corre-
sponding increase in brown adipocytes as revealed by im-
munohistology with anti-UCP1 antibodies. A high capacity
to induce brown fat in areas of traditional white fat had no
impact on the ability to gain weight in response to high fat
and sucrose diets, but did correlate with the loss of weight in
response to treatment with a 

 

b

 

3-adrenergic agonist (CL
316,243). This genetic variation in mice provides an experi-
mental approach to identify genes controlling the induction
of brown adipocytes in white fat tissues. (

 

J. Clin. Invest.

 

1998. 102:412–420.) Key words: mitochondrial uncoupling
protein 
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 recombinant inbred strains 
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cold exposure 
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 obesity

 

Introduction

 

Thermogenesis in brown adipocytes functions in mammals as a
protection against cold (1, 2) and potentially as a mechanism
for regulating body weight (3). Based on transgenic and gene
targeting experiments, the former function has been well es-
tablished (4, 5); however, the latter remains to be proven.
While mice lacking the mitochondrial uncoupling protein re-
sponsible for the increased heat production in brown adipo-
cytes (UCP1)

 

1

 

 do not have increased adiposity (4, 5), overex-
pression of 

 

Ucp1

 

 reduces weight gain in obesity-prone mice
(6–8).

In pharmacological experiments, treatment with 

 

b

 

3-adren-
ergic agonists, which induce 

 

Ucp1 

 

and thermogenesis in brown
adipocytes, prevents obesity and stimulates weight loss in
obese rodents (9–12) and may act to prevent obesity in hu-
mans. In addition to stimulating thermogenesis in existing de-
posits of brown adipocytes, evidence has been accumulating
that the effects of 

 

b

 

3-adrenergic agonists on body fat reduction
may also involve the induction of brown adipocytes in tradi-
tional deposits of white fat which can then increase the ther-
mogenic capacity of the animal (9–14). In support of this ex-
panded role for the brown adipocyte in the regulation of body
weight, we show here that the induction of brown adipocytes
in areas of predominantly white fat tissue is a highly variable
genetic trait. We have found a 65-fold difference in the amount
of brown fat and a 130-fold difference in the amount of 

 

Ucp1

 

mRNA among the AXB recombinant inbred (RI) strains of
mice. Using a model of dietary obesity, we demonstrate that
the reduction of obesity in mice treated with a 

 

b

 

3-adrenergic
agonist correlates with the induction of brown adipocytes in
traditional deposits of white fat.

 

Methods

 

Animals.

 

Standard and AXB RI strains of mice were purchased from
Genetic Resources of The Jackson Laboratory at 6 wk of age and
were used in experiments when they were 8 wk of age. Mice were
maintained on a 12-h light/dark cycle and fed ad libitum a chow diet
of 6.5% fat, 53% carbohydrate, and 18.6% protein. Only male mice
were studied. Mice were maintained in groups of two to three mice
per pen. However, mice implanted with a mini-osmotic pump were
housed individually. To induce brown fat, mice were kept at 5

 

8

 

C for
cold exposure or injected subcutaneously with the 

 

b

 

3-adrenergic ago-
nist, CL 316,243, at a dose of 1 mg/kg body wt each afternoon (11).

Diet-induced obesity was achieved with the high fat (58 kcal%)/
high sucrose (26 kcal%) diet developed by Surwit et al. (15) and for-
mulated by Research Diets (New Brunswick, NJ). For the experi-
ment described in Fig. 4 and Table II, the 

 

b

 

3-adrenergic agonist was
administered to strains AXB10, AXB15, BXA12, and BXA25 by
subcutaneous injection once a day at 3:00 p.m. at a dose of 1 mg/kg
body wt (not exceeding 25 

 

m

 

g/d) or to strains C57BL/6J (B6), A/J,
AXB1, and AXB8 by Alzet osmotic pump (model 2004) at a rate of
25 

 

m

 

g/d for 24 d. A pilot experiment with the latter group of strains
was also carried out with the injection protocol and the results were
comparable to those obtained from the osmotic pump protocol. Food
intake was estimated from the difference in amount of food remain-
ing in the food hopper at the end of each week. The total consump-
tion was determined over the period of the experiment and then cal-
culated as food consumed per mouse per week.

 

RNA analysis.

 

Total RNA was isolated from the fat tissues of
mice using the guanidinium thiocyanate method (16), and was ana-
lyzed by Northern blots (17). Hybridization probes were prepared
with [

 

32

 

P]dCTP as described (18). Blots were hybridized with probes
for the mRNAs of 

 

Ucp1

 

 (19) and 18S ribosomal RNA (20), the latter
to evaluate variations in RNA bound to the membrane filter (Gene-
screen; NEN Research, Boston, MA). Each filter also carried 2.7 

 

m

 

g
of total brown fat RNA from a large batch of RNA to serve as a stan-
dard for comparing different filters. Hybridization signals were quan-
tified by the Fuji Bioimage Analyzer with MacBas ver. 2.5 software.
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Statistical analysis of RNA data was evaluated by ANOVA for a con-
tinuous independent variable (Statview version 4.1).

 

Morphological analysis.

 

Fat depots were fixed in Bouin’s solu-
tion, embedded in paraffin and stained with anti-UCP1 antibody as
described previously (6). This anti-UCP1 antibody did not react with
UCP2 or UCP3 as evidenced by the absence of a reaction by Western
blot analysis with extracts from the 

 

Ucp1

 

tm1

 

 mice (4). Total tissue area
of a section and the area occupied by brown adipocytes therein, char-
acterized by the typical multilocular appearance of the cells and reac-
tivity with the UCP1 antibody, were determined with the Quantimet
600 Image Processing and Analysis System (Leica, Cambridge,
United Kingdom).

 

Results

 

Induction of Ucp1 mRNA in white fat.

 

Brown adipocytes were
identified in areas of white fat by immunohistology using a
UCP1-specific antibody and quantified by Northern blot anal-
ysis of 

 

Ucp1

 

 mRNA. Before sympathetic stimulation by cold
exposure or a 

 

b

 

3-adrenergic agonist, 

 

Ucp1

 

 mRNA was very
low in A/J mice and undetectable in B6 mice. However, within
2 d of cold exposure (Fig. 1 

 

a

 

) or treatment with CL 316,243,
a 

 

b

 

3-adrenergic-selective agonist (Fig. 1 

 

b

 

), levels of 

 

Ucp1

 

mRNA in retroperitoneal fat of male A/J mice reached levels
comparable to those found in interscapular brown fat. Only
sporadic, low induction was detected in B6 mice. High levels of

 

Ucp1

 

 mRNA occurred in A/J mice before brown adipocytes
could be detected morphologically (data not shown).

The variation in 

 

Ucp1

 

 mRNA levels among A/J, B6, and
(B6 

 

3

 

 A/J) F

 

1

 

 mice depended on the regional fat depot studied
(Fig. 2). 

 

Ucp1

 

 mRNA levels in retroperitoneal fat were high in

A/J mice, very low in B6 mice, and intermediate in the F

 

1

 

 gen-
eration. Variations in 

 

Ucp1

 

 mRNA in interscapular brown fat
between the strains were too small to evaluate whether there
are genes that are specific for the maintenance of 

 

Ucp1

 

 expres-
sion in differentiated brown fat or to determine whether varia-
tions in interscapular brown fat expression have a physiologi-
cal effect. Although the level of 

 

Ucp1

 

 mRNA induction in
epididymal fat was small, the relative expression among A/J,
B6, and F

 

1

 

 mice was comparable to that found in the retroperi-
toneal fat. Because of this, we assumed that similar genetic
mechanisms are probably responsible for controlling expres-
sion in retroperitoneal and epididymal fat. Similar to inter-
scapular brown fat, differences in expression in inguinal fat
among the parental strains and the F

 

1

 

s were small. In addition,
significant expression of brown adipocytes in both A/J and B6
mice was seen in the inguinal fat even in the absence of adren-
ergic stimulation. Consequently, we focused our analysis on
retroperitoneal fat because of the large variation in 

 

Ucp1

 

mRNA expression in this tissue among the parental strains
and the F

 

1

 

 hybrid, its low background expression, and high
level of induction.

The discovery of such a large difference in expression of

 

Ucp1

 

 between B6 and A/J mice suggests that genetic analysis
might allow for the identification of one or more genes respon-
sible for controlling the induction of brown fat. To gain insight
into the genetic basis of the variation in 

 

Ucp1

 

 expression, we
analyzed RI strains of mice derived from the A/J and B6 par-
ents (21, 22). The levels of 

 

Ucp1

 

 mRNA in selected AXB RI
strains and the parental strains are presented in Fig. 3. 

 

Ucp1

 

mRNA expression in A/J, the high parent, was 42-fold higher
than in B6, the low parent. A post-hoc 

 

t

 

 test analysis of the B6

Figure 1. Northern blot analysis of total RNA. (a) The induction of 
Ucp1 mRNA in the retroperitoneal fat pad of B6 and A/J mice when 
placed in the cold at 58C. Total RNA was isolated from tissues pooled 
from three mice. 15 mg of RNA was analyzed. (b) The induction of 
Ucp1 mRNA in the retroperitoneal fat pad after injection of the b3-
adrenergic agonist, CL 316,243, once a day in the late afternoon at a 
dose of 1 mg/kg body wt. RNA (15 mg) from two mice was analyzed 
individually. A standard of 2.7 mg of interscapular brown fat RNA 
was included on the gel.

Figure 2. The levels of Ucp1 mRNA in the retroperitoneal fat (RP), 
interscapular brown fat (BAT), inguinal fat (IG), and epididymal fat 
(EP) in total RNA isolated from A/J, B6, and (B6 3 A/J) F1 mice are 
shown. Mice were treated with the b3 agonists for 7 d before isolation 
of RNA, at a time when induction of Ucp1 mRNA had reached a pla-
teau (Fig. 1 b). 10 mg of RNA from BAT was analyzed and 15 mg 
from the other fat depots.
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and F

 

1

 

 data indicates the differences of the means were signifi-
cant at

 

 P 

 

5 

 

0.0001. In addition, the intermediate levels in the
F

 

1

 

 progeny suggested that the genes controlling expression act
codominantly. The expression of 

 

Ucp1

 

 mRNA was found to
be hyperinducible in several RI strains. A 2.6-fold difference
was found between the highest RI strain, AXB8, and the high
parent, A/J. The wide range of expression of 

 

Ucp1

 

 mRNA in
the RI strains can facilitate establishing a causative relation-
ship between the level of brown adipocyte expression and the
development of adiposity.

 

Ucp1 mRNA and accumulation of brown adipocytes.

 

The

brown adipocytes which appear in areas of white fat and in in-
terscapular brown fat are morphologically indistinguishable as
evidenced by the multilocular nature of the lipid stores and the
punctate pattern of UCP1-associated staining in the mitochon-
dria (Fig. 4, 

 

a

 

 and 

 

b

 

). Most important, the induction of 

 

Ucp1

 

mRNA is accompanied by the accumulation of mitochondria
in the cells as evident in Fig. 4 

 

b

 

. In fact, the increase in mito-
chondrial numbers appeared to disperse the large lipid vacuole
of the cell.

The relationship between the level of 

 

Ucp1

 

 mRNA and ac-
cumulation of brown adipocytes in white fat depots was inves-
tigated in two groups of RI strains, those expressing high
(AXB8 and AXB15) and others low (AXB1 and AXB10) lev-
els of 

 

Ucp1

 

 mRNA. Large and intermediate accumulations of
brown adipocytes were found in retroperitoneal white fat in
AXB8 and AXB15 mice, respectively, whereas none were de-
tected in AXB1 and AXB10 mice (Fig. 5 

 

a

 

). A similar variable
pattern of induction was observed in inguinal fat from AXB8
which showed large amounts, AXB15 and AXB1 intermediate

Figure 3. A bar graph shows Ucp1 mRNA levels in the retroperito-
neal fat pad from parental A/J, B6, F1 hybrid, and RI strains of mice 
derived from the parental mice. Mice were housed at 58C in groups of 
two to three mice per pen for 7 d before the isolation of RNA. Induc-
tion in the cold is similar to that caused by a b3-adrenergic agonist. 
Data are presented as the mean6SE. The number of animals (n) of 
each strain and the results of statistical analyses by ANOVA (Fisher’s 
PLSD test in Statview 4.1) are given in the lower chart. Strains shar-
ing asterisks in a row are not significantly different from each other at 
P , 0.05.

Figure 4. Comparison of the morphology of brown adipocytes in in-
terscapular brown fat (a) and retroperitoneal fat (b) after immuno-
histology with anti-UCP1 antibody. The magnification bar measures 
10 mm.



 

Genetic Control of Brown Adipocyte Induction in White Fat

 

415

 

levels and AXB10 low levels of brown fat cells (Fig. 5 

 

b

 

). It is
noteworthy that there was little difference in the expression of
brown adipocytes in the inguinal fat of cold-exposed or drug-
induced B6 and A/J parental strains, while there were large
differences in the recombinant genotypes among the RI stains.
This indicates that recombinant genotypes can result not only
in hyperinduced levels of 

 

Ucp1

 

 mRNA in the retroperitoneal
fat (Fig. 3), but can also result in major alterations in the emer-
gence of brown adipocytes in inguinal fat.

The relationship between the level of 

 

Ucp1

 

 mRNA and the
number of brown adipocytes, the area occupied by UCP1 im-
munoreactivity, was analyzed in the retroperitoneal and in-
guinal fat pads of eight mice from each RI strain (Table I). In
the retroperitoneal fat, high levels of 

 

Ucp1

 

 mRNA expression
were associated with large numbers of brown adipocytes.

However, AXB15 mice which expressed a very high level of

 

Ucp1

 

 mRNA had much smaller numbers of brown adipocytes.
AXB15 mice apparently lack a cellular component necessary
for expressing high levels of brown adipocytes. In the inguinal
fat pad, high levels of 

 

Ucp1

 

 mRNA were also associated with
the induction of brown adipocytes. AXB1 mice are unique by
expressing higher levels of both 

 

Ucp1

 

 mRNA and brown adi-
pocytes in inguinal fat than in retroperitoneal fat, whereas
AXB10 mice have very low 

 

Ucp1

 

 expression in both tissues.
The results suggest that there are genes for induction of brown
fat that are unique to specific fat depots.

 

Effects of brown fat accumulation on obesity.

 

B6 and A/J
mice are known to differ in several aspects of obesity and dia-
betes (12, 15, 23). Previous investigations have established that
rodents and dogs treated with 

 

b

 

3-adrenergic agonists or ex-

Figure 5. Immunohistology of retroperitoneal and inguinal fat with anti-UCP1 antibody illustrates differences in brown adipocyte induction 
among RI strains of mice. Brown adipocytes are observed as the densely staining areas in the photomicrographs. Four images from a single tis-
sue section serve to show the heterogeneous pattern of brown adipocyte formation within the fat depot from a single animal.
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posed to cold develop small increases in brown adipocytes in
areas of predominantly white fat (9–11, 24, 25) and there is ev-
idence that this expression reduces adiposity in treated animals
(13, 14, 26). The quantitative genetic variation in the induction

of brown adipocytes in predominantly white fat of inbred
strains of mice (Figs. 3 and 5) provides an excellent opportu-
nity to evaluate more rigorously the role of the brown adipo-
cyte in obesity. We sought to determine whether mice with an
enhanced capacity to generate brown adipocytes in response
to adrenergic stimulation resist the development of diet-
induced obesity and whether obese mice capable of inducing
brown adipocytes in white fat respond to adrenergic stimula-
tion with an enhanced loss in body weight and adiposity. To
test this hypothesis, the parental B6 and A/J strains and se-
lected RI strains that varied in their level of 

 

Ucp1

 

 expression
were fed a high fat/high sucrose diet for 18 wk to induce an
obese state. The largest increase in body weight (average body
weight of 49.6 g) was observed in the B6 parental strain. Five
strains showed modest increases in adiposity that ranged be-
tween 41.3 and 46.3 g and two RI strains, A/J and BXA12,
were relatively resistant to dietary obesity (body weights of
35.2 and 32.8 g) (Fig. 6 

 

a

 

 and Table II). After week 20, while
continuing the adipogenic diet, mice were treated with the 

 

b

 

3-
adrenergic agonist, CL 316,243. Body weights were measured
every 2 d over the 24 d of treatment (Fig. 6 

 

b

 

). The mice were
then killed and the individual fat pads were weighed and used
to determine if there was a relationship between the induction
of brown fat and the reduction of adiposity by the treatment.

In answer to the first question, dietary-induced obesity was
not correlated with the potential of a strain to induce 

 

Ucp1.

 

 For
instance, AXB8 and AXB15 mice, which have the highest lev-
els of 

 

Ucp1

 

 mRNA and brown adipocytes in response to cold
and 

 

b

 

3-adrenergic stimulation, gained weight as easily as B6,
AXB1, and AXB10 mice which expressed the lowest levels
(Fig. 6 

 

a

 

). This was not unexpected, since there is no increase
in 

 

Ucp1 expression in the white fat depots unless the mice are
exposed to the agonist treatment or cold exposure (data not
shown).

The second question of whether mice with an enhanced ca-
pacity to generate brown adipocytes in areas of white fat lose
weight more rapidly in response to b3-adrenergic stimulation
is answered in Fig. 6 b and Table II. An initial loss of body
weight occurred rapidly in all mouse strains and then contin-
ued at a slower rate or leveled off depending on the strain (Fig.
6 b). Since it takes at least 4 d to recognize brown adipocytes
immunohistologically, it seems likely that the initial weight
loss may have been due to the stress of implanting the Alzet
mini-osmotic pumps or subcutaneous injections. The obese
strains with high levels of Ucp1 mRNA (AXB8, AXB15, and
BXA25) continued to lose weight, whereas weight stopped be-
ing lost and began to be regained in obese strains expressing
low levels of Ucp1 mRNA (B6 and AXB1). A/J and BXA12,

Figure 5 (Continued)

Table I. Brown Adipocytes and Ucp1 mRNA Induction in RI Strains of Mice

RI strain

Retroperitoneal fat Inguinal fat

BAT area Ucp1 mRNA BAT area Ucp1 mRNA

% of total area density units % of total area density units

AXB1 0.2560.18* (8) 40612* (13) 17.5263.13* (7) 5206168* (3)
AXB8 13.5763.90‡ (8) 17196156‡ (8) 45.3665.38‡ (8) 8086177* (3)
AXB10 0.2160.16* (7) 1368* (7) 4.2361.74§ (8) None detected (3)
AXB15 2.9560.43§ (7) 14906134‡ (8) 18.1561.83* (7) 5346285* (3)

The number of animals analyzed is in parentheses. Values with the same symbols are not significantly different from each other.
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which expressed moderate levels of Ucp1 mRNA and resisted
obesity, maintained body weights after an initial loss.

It is important to note by comparing Fig. 3 and Table II
that the strain response of the expression of Ucp1 mRNA after
cold exposure at 2 mo of age was the same as the response to
b3-adrenergic stimulation after diet-induced obesity at 8 mo of
age. Effects on Ucp1 mRNA expression, change in body
weight, food intake, and white fat pad weights after killing are
summarized in Table II. Statistical analysis to test the relation-
ship between Ucp1 mRNA levels and the reduction in obesity

was performed using simple regression analysis on the com-
plete data set of 86 mice (Fig. 7). A strong (R2 5 0.38) and sig-
nificant (P , 0.0001) effect was found between high levels of
Ucp1 mRNA in the retroperitoneal fat pad and body weight
loss (Fig. 7). This effect was also evident in the reduction of
mesenteric, retroperitoneal, and inguinal fat pad weights
(ANOVA in Table II). The effect on epididymal fat was mar-
ginally significant (P 5 0.024). Similar though weaker effects
were also found between Ucp1 mRNA levels in the inguinal
fat pad and reduced adiposity as judged by significant reduc-

Figure 6. (a) Body weight gained by paren-
tal and RI strains fed a high fat/high su-
crose diet starting at 7 wk of age and con-
tinuing for 18 wk. (b) After 18 wk, mice 
continued to be fed the high fat/high su-
crose diet and were also treated with the 
b3-adrenergic agonist, CL 316,243, as de-
scribed in Methods. Changes in body 
weight are shown. The mean6SE for the 
B6 and A/J parental strains are shown, 
whereas only the means have been plotted 
for the RI stains. The number of mice in 
each group ranges from 9 to 12.
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tions in inguinal, mesenteric, and retroperitoneal fat pad
weights. There was no significant relationship between in-
guinal Ucp1 mRNA levels and epididymal fat pad weights (P 5
0.50).

Mice with high Ucp1 expression in the retroperitoneal fat
have, as evidenced by immunohistology, an abundance of
brown adipocytes in the retroperitoneal, mesenteric, and in-
guinal fat pads, but not in the epididymal fat. In fact, the ab-
sence of a strong effect in epididymal fat suggests that the in-
duction of Ucp1 acts locally, that is, a tissue with high
induction of brown fat will have less adiposity than a tissue
with low induction. Although we have not analyzed Ucp1 in-
duction in the mesenteric fat, the immunohistology of this tis-
sue suggests that expression will be similar to the retroperito-
neal fat.

Discussion

The appearance of small numbers of brown adipocytes in
white fat depots has been observed in many species after cold
exposure or treatment with b3-adrenergic agonists (9–12, 27);
however, neither the mechanisms controlling the induction nor
its physiological significance to body weight regulation is well
understood. Both Ucp1 and b3-adrenergic receptor mRNAs
have been detected in white fat depots of human beings (28)
and recently, it has been shown that cultures of human adipo-
cytes derived from white fat depots express Ucp1 after treat-
ment with b3 agonists (29). Accordingly, the capacity of white
fat from an adult to express the brown adipocyte developmen-
tal program is not a peculiarity of rodents, but it is a general re-
flection of the plasticity of the adipocyte across species, includ-
ing humans. Furthermore, the large genetic variability of
different fat depots to acquire large numbers of brown adipo-
cytes as adults in response to enhanced sympathetic activity
presents an additional important mechanism to account for
variation in the sensitivity of individuals to the effects of a
b-adrenergic agonist. It is also possible that the low numbers
of brown adipocytes thought to be characteristic of the adult
human may not be a fixed trait, rather with the appropriate
signal the number of brown adipocytes can be increased,
thereby augmenting the capacity for thermogenesis and mobi-
lization of triglyceride stores. Whether the brown adipocytes
in the mouse are arising from a stem cell compartment within
the tissue or from a white adipocyte capable of acquiring the
characteristics of a brown adipocyte in response to the appro-
priate hormonal signal must still be determined.

Regression analysis of the relationship between Ucp1
mRNA/brown adipocyte levels reveals a highly significant as-
sociation with the capacity of the animal to respond to b3 ago-
nist treatment with a reduction in adiposity. The magnitude of
the effect ranges from z 6% for the epididymal fat pad to 38%
for the loss in body weight. However, inspection of the data in
Fig. 6 b suggests that the effect has been blunted by a nonspe-
cific reduction in body weight that occurred in all strains, inde-
pendent of the mode of delivery of the drug. Without this
problem, it is probable that the effect of brown fat induction

Table II. Effect of the b3-adrenergic Agonist CL 316,243 on Levels of Ucp1 mRNA, Body Weight, Food Intake, and Fat
Pad Weight

Ucp1 mRNA Body weight Food intake Fat pad weights

N RPWAT IGWAT Pretreatment Posttreatment 2agonist 1agonist ISBAT EPIWAT IGWAT MSWAT RPWAT

AU g g/wk/mouse g

A/J 12 237634* 116625* 34.261.3* 31.061.1* 15.5 17.6 0.1160.01* 0.9160.09* 0.5760.06* 0.2660.05*‡ 0.1960.02*
B6 10 1461.8‡§ 1.060.4‡ 49.662.0§ 44.362.3‡ 18.2 13.2 0.2360.03‡ 1.5560.15‡§ 1.6160.19‡ 0.6760.10§ 0.4360.05§

AXB-1 12 9.061.0‡§ 4.560.3‡ 42.560.8‡ 41.361.3‡ 19.4 15.3 0.2060.01‡§ 0.8360.05* 1.4160.11‡ 0.4060.04‡ 0.2860.02*‡

AXB-8 9 1123696 114641* 41.361.8‡ 32.160.8* 16.4 14.0 0.1060.01* 0.5560.06*i 0.5560.05* 0.1360.02* 0.1060.01*i

AXB-10 12 2666‡§ 6.761.2‡ 43.660.9‡ 37.760.7‡§ 15.5 11.6 0.1360.01* 1.6760.10‡ 1.1560.11‡§ 0.9260.07 0.4860.03§

AXB-15 11 519647 222643§ 46.361.6‡§ 37.561.5§ 19.0 15.5 0.1560.01*§ 1.2760.15*§ 0.9460.17* 0.5560.09§ 0.2060.02*
BXA-12 11 121646*§ 88630*‡ 32.460.6* 29.660.3* 13.9 11.7 0.1160.004* 0.3760.02i 0.3060.01* 0.1660.02* 0.0760.005i

BXA-25 9 354642* 233634§ 41.561.9‡ 34.961.4*§ 14.0 15.2 0.1660.02*§ 1.5260.16‡§ 0.8360.09*§ 0.3860.06‡ 0.3260.04‡

RPWAT, IGWAT, EPIWAT, and MSWAT represent retroperitoneal, inguinal, epididymal, and mesenteric white adipose tissue; ISBAT represents
interscapular brown adipose tissue. Values in a column that share the same symbol are not significantly different from each other at P , 0.01 as deter-
mined by ANOVA (Fisher’s PLSD, Statview 4.1).

Figure 7. Regression analysis to evaluate the effects of Ucp1 mRNA 
in the retroperitoneal fat on body weight loss. P is an estimator of sig-
nificance of the regression. R2 is the coefficient of determination; it is 
the proportion of the dependent variable that is explained by the in-
dependent variable. n was 86.
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on weight loss would be much larger. In addition to a stress-
related loss in body weight, other mechanisms may be in-
volved, for example, increased lipolysis by hormone-sensitive
lipase, followed by oxidations linked to uncoupling by UCP2
and UCP3. Both Ucp2 and Ucp3 are expressed in white fat and
brown fat (4, 30–33) and the latter can also be induced in white
fat by b3-adrenergic agonists (34). The potential contributions
of non–UCP1-mediated dissipation of energy will be assessed
by incorporating the Ucp1 targeted allele (4) into the AXB8
genetic background.

The mechanism leading to the increased expression of the
brown adipocyte in white fat is not evident from this study. It is
known that precursors to brown adipocytes in the major
brown fat depots undergo proliferation in the adult upon ad-
renergic stimulation (35). Based upon in vitro cell culture stud-
ies, it has been proposed that the b1-adrenergic receptor medi-
ates the proliferative response, whereas the b3-adrenergic
receptor activates the differentiation of the brown adipocyte
(36). Two recently developed mutant models provide some in-
sight into the role of these receptors. Mice carrying the tar-
geted inactivation of the b3 receptor should be deficient in
brown fat. However, the normal expression of Ucp1 in these
mice indicates that brown fat is normal (37). Overexpression
of the b1-adrenergic receptor in transgenic mice increases the
expression of Ucp1 in white fat depots, suggesting that cells of
undefined origin are more responsive to an adrenergic-medi-
ated differentiation (38). The transcription factor PPAR-g is
also capable of enhancing brown fat differentiation and
growth of interscapular brown fat. However, it is unclear
whether it can promote brown adipocyte differentiation in
white fat depots (39). Genetic variation in any of these signal
transduction or transcription pathways may underlie the sensi-
tivity to differentiation observed in inbred strains. Inspection
of the mRNA expression data using RI strains of mice indi-
cates that more than one gene determines mRNA levels. If a
single gene controlled the trait, one would expect to have a
level of mRNA that corresponds to the levels observed for ei-
ther parent. One does not see this pattern of expression.
Rather, some strains have mRNA levels that correspond to
those of the parents, other strains are intermediate, while still
others greatly exceed the levels found in A/J. These data sug-
gest that the genetics underlying the differences is complex,
i.e., it is an oligomeric system. We have only analyzed the ge-
netic variation controlling Ucp1 expression. However, genes
controlling mitochondrial biogenesis remain a critical area to
explore.

In summary, this work demonstrates that the induction of
brown adipocytes by the adrenergic signal transduction system
is a highly variable genetic trait in mice. This variability has
been used to test the hypothesis that the induction of brown
adipocytes in white fat is strongly correlated with the ability of
the mice to reduce obesity with a b3-adrenergic agonist. The
results indicate that the genetic predisposition to induce brown
adipocytes in response to a b3-adrenergic agonist determines
the efficacy of the drug. However, this predisposition does not
affect the susceptibility of an animal to diet-induced obesity.
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