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This study was undertaken to determine whether receptor and
non-receptor components of the adenylate cyclase (AC) cascade
were altered in brown adipose tissue (BAT) of 14-day-old pre-
obese (fa/fa) rats, before endocrine status is strongly modified by
fa gene expression. Activity of the AC catalytic subunit did not
differ between the two genotypes. In fa/fa rats compared with'
control Fa/fa rats, there was a 50 % decrease in the activity of
aGS (stimulated by NaF or guanosine 5'-[y-thio]triphosphate)
but no change in protein content (Western blotting). aGi
function, assessed by the inhibitory action of low concentrations
of guanosine 5'-[/Jy-imido]triphosphate upon 10-4 M forskolin-
stimulated AC activity, was equally low in both genotypes.
Analysis ofdose-response curves for different ,-agonists revealed
that (i) both the basal and the maximally stimulated activity of
AC were 2-fold lower in fa/fa rats than in Fa/fa rats; (ii)
BRL37344 and CGP12177 (fl3 agonists) were less potent infa/fa
than in Fa/fa rats (Kact multiplied by 2); (iii) noradrenaline and
isoprenaline (Iso), at the low-affinity site (fl3-AR), were less

INTRODUCTION

In brown adipose tissue (BAT), thermogenesis is regulated by
noradrenaline (NA) acting primarily via ,-adrenergic receptors
(f-ARs). Binding of NA results in the activation of adenylate
cyclase (AC), which requires the interaction of at least three
membrane-bound proteins: the fl-AR, a signal-transducing G-
protein (G.) and the catalytic subunit C (for review see Levitzki
[1]).
Although a significant population of /71-adrenoceptors exists

in rat BAT, together with a small number of /82-adrenoceptors
(for review see Lafontan and Berlan [2]), considerable evidence
has suggested that the fl-AR which mediates lipolysis and
thermogenesis in this tissue displays pharmacological properties
inconsistent with the fl1/,/2-AR subclassification [3]. In recent
years, a third subtype of fl-AR, the /73-adrenoceptor (473-AR) [4],
has been characterized in rodent brown and white adipose
tissues [5-9] where it is thought to be of paramount importance
in transducing noradrenergic messages in BAT.

potent in fa/fa than in Fa/fa pups (K.,, increased by 30 and
20 % respectively). At the high-affinity site (mainly ,81) these two
agonists were more potent in fa/fa than in Fa/fa rats (KaCt
decreased by 40 and 80% respectively). In good agreement with
the latter result, the /71-adrenergic receptor (fl1-AR)-selective
antagonist CGP20712A had more effect on the Iso-stimulated
AC activity in pre-obese than in lean pups (2-fold decreased in
IC50). Binding experiments with [3H]CGP12177 show that in
BAT of suckling rats, /73-ARs represent 80% of the total /-ARs.
Bmax values for the two sites were not affected by the genotype,
although the /73-AR mRNA concentration in BAT (quantitative
reverse-transcriptase PCR) was 3-fold lower infa/fa rats than in
Fa/fa pups. In conclusion, these results provide evidence for
alterations in /81- and /73-AR signalling in BAT of 14-day-old
suckling pre-obese Zucker rats with a decreased activity of aGs.
The impaired AC responsiveness to catecholamines might be a
primary contributor to the development of this genetic obesity.

In genetic models of obesity, such as the ob/ob mouse and the
fa/fa Zucker rat, obesity occurs as a result of a single gene
mutation. The mouse ob gene has been cloned recently [10] and
the rat fa gene has been localized on chromosome 5 [11].
However, neither the primary defect nor the product of these
genes is known. Decreased AC activity in response to catechol-
amines has been characterized in adipose tissues of both adult
fa/fa Zucker rats and ob/ob mice [5,12] and has been correlated
with a decrease in fl-AR expression [7,13]. However, the AC
system is also composed of signal-transducing heterotrimeric G-
proteins which bind and hydrolyse GTP. One form of G. and
three different forms of Gi (Gil, Gi2, Gi3), consisting of a distinct
GTP-binding and similar /8-y subunits have been identified in
fat-cell membranes [14].

Several hormones including insulin, thyroid hormones, gluco-
corticoids and catecholamines regulate the expression and the
activity of both ,-adrenoceptors (for review see Lafontan and
Berlan [2]) and G-proteins [15-18]. In genetic models of obesity,
when the syndrome is clearly expressed, numerous alterations in
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the endocrine status, including those of the above-mentioned
hormones, are detectable [19] and could be responsible for
defects in the AC system reported in adult animals by several
investigators [5,15].
BAT dysfunction has been suggested to play an important role

in the positive energy balance [20] in Zucker fa/fa rats. The
positive energy balance is, at the onset of obesity, mainly due to
defective energy expenditure [21] and a decreased capacity for
BAT thermogenesis [22]. Impaired BAT responsiveness to
catecholamines is now clearly established in adult rats; however,
the AC system has never been investigated in BAT of young pre-
obese rats and it is not clear whether this abnormality is a
consequence ofendocrine disorders or one of the primary defects
responsible for obesity development. We previously reported
that NA content and T4-to-T3 conversion were decreased in the
BAT of suckling fa/fa rats compared with their lean Fa/fa
littermates [23,24]. More recently, administration of thermogenic
Bi-adrenergic agonists to fi/fa pups was shown to correct all the
known metabolic abnormalities of BAT, and to prevent emerg-
ence of their hyperinsulinaemia [24,25]. Treatment of Zucker
neonates with NA also prevented an excess of fat deposition in
fa/fa pups [26], suggesting that impaired sympathetic activity is
present early in life in fa/fa Zucker rats. Thus, if impaired
cellular responsiveness to catecholamines was also present in
BAT, it might play a role in the development of this genetic
obesity.
The current study was undertaken to obtain further insight

into the mechanisms involved in defective fl-adrenergic stimu-
lation ofBAT (receptor and non-receptor components of the AC
system including G-proteins) in pre-obese Zucker pups. In 14-
day-old fa/fa rats, at a time when BAT dysfunction plays a
crucial role in the positive energy balance, we reported a decrease
in /53-mRNA levels and impaired basal and agonist-stimulated
AC activity which seemed to be due to impaired aGs activity.

MATERIALS AND METHODS
Materials
BRL37344 was generously provided by Beecham Pharma-
ceuticals. [3H]CGP12177 (46 Ci/mmol) was from Amersham
International. Unlabelled CGP12177 and CGP20712A were gifts
from Ciba-Geigy.

Animals and protocols
Zucker rats were bred in our laboratory from pairs originally
provided by the Harriet G. Bird Memorial Laboratory (Stowe,
MA, U.S.A.). Animals used in this study were obtained from
obese (fa/fa) males and heterozygous lean (Fa/fa) females. Pups
and their mothers were housed in a temperature-controlled room
(22+1 °C) on a fixed 12: 12-h light/dark cycle (lights on from
07:00h to 19:00h). The dams were fed on stock diet (UAR,
France) ad libitum. At 2 days of age, litter size was standardized
at 10 pups.

Genotype identffication
The genotype of the pups (Fa/fa and fa/fa) was identified
through the study of the correlation between inguinal adipose
weight and body weight [27].

Tissue sampling and processing
At 14 days of age, rats of either sex were killed by decapitation.
Interscapular BAT was carefully dissected out and immediately

frozen at -70 °C for further isolation ofRNA or for preparation
of membranes.

Preparation of crude membranes
Membranes were prepared according to Grannemann and
MacKenzie [13]. Briefly, one tissue (80-100 mg) was homogenized
in 2.5 ml of cold 25 mM Tris/HCl buffer (pH 7.4) containing
250 mM sucrose and 1 mM MgCl2 and then filtered through
glass wool. The filtrate was centrifuged at 1100 g for 10 min at
4 °C, the supernatant removed and centrifuged at 48000 g for
10 min at 4 'C. The resulting pellet was washed twice in fresh
buffer. Finally, membranes were resuspended in 25 mM Tris/HCl
(pH 7.5) buffer containing 1 mM EDTA.

Preparation of plasma membranes
BAT plasma membranes were prepared according to Giacobino
[28]. Three tissues (300-400 mg) were homogenized with a
glass-Teflon homogenizer in 2 ml of ice-cold 0.05 mM
CaCl2/0.l mM NaHCO3/0.02 mM MgSO4 buffer (pH 7.5).
Homogenate was centrifuged at 1100 g for 10 min at 4 'C, the
supernatant removed and the pellet resuspended and centrifuged
a second time. The two supernatants were pooled and centrifuged
at 35000 g for 20 min at 4 'C. The resulting pellet was homo-
genized in fresh buffer, layered on to 5 ml of 18.5 % (w/v)
metrizamide and centrifuged at 156000 g for 90 min at 4 'C.
Plasma membranes were found in a layer above the metrizamide,
they were collected and centrifuged at 180000 g for 45 min at
4 'C. The pellet was resuspended in 10 mM Tris/HCl (pH 7.4)
buffer containing 25 mM sucrose and 1 mM EDTA and filtered
on a 60-gm-pore-size filter (Nybond HC60). Plasma membranes
were frozen at -80 'C, until utilization for Western-blot analysis
and binding experiments.

Marker enzyme assays
5'-Nucleotidase was the marker used for plasma membranes and
was determined as described by Avruch and Wallach [29].
Contamination by mitochondria (the major subcellular com-
ponent in brown fat) was assessed by measurement ofcytochrome
c oxidase activity as described by Yonetani and Ray [30]. The
proteins were measured according to the method of Bradford
[31].

AC assay
AC (EC 4.6.1.1) activity was measured according to the method
of Feve [36], for 10 min at 35 °C in a 50,l standard assay
consisting of 0.2 mM [a-32P]ATP (PB 171; Amersham Co.),
1 mM cyclic AMP, 10 mM phosphocreatine, 0.5 unit of creatine
phosphokinase, 5,M GTP, 5 mM MgCl2, 0.2 mM EDTA and
50 mM Tris/HCl (pH 7.5). Membranes (20-30 jug of protein)
were preincubated for 15 min at 4 °C with or without additional
compounds to allow equilibration. The reaction was initiated by
addition of this mixture to the incubation medium and stopped
by addition of cold 1 M HCI (200 ul). After 5 min at 95 °C,
followed by neutralization with 200 ,ul of 3.34 M imidazole, the
[a-32P]cyclic AMP was separated from AMP by column chroma-
tography on alumina (neutral aluminium oxide 90, active). The
[a-32P]cyclic AMP eluted with 3 ml of 50 mM imidazole (pH 7.5)
was quantified by liquid scintillation spectroscopy. AC activity
was expressed as the amount of cyclic AMP formed/min per mg
of protein.

Activity of the AC catalytic subunit was estimated according
to Chaudry and Granneman [33], in the presence of 2 ,uM Mn2 ,
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100,uM guanosine 5'-[/3-thio]diphosphate (GDP[S]) and without
Mg2+ (to inhibit Gs activity) in basal conditions, or after
stimulation by 100,M diterpene forskolin. Other drugs, which
exert their actions directly through G. or Gi, i.e. NaF, non-
hydrolysable GTP analogues such as guanosine 5'-[y-
thio]triphosphate (GTP[S]) and guanosine 5'-[/3y-imido]-
triphosphate (p[NH]ppG) [5], were used to estimate the activity
of the G-proteins. Furthermore, ,-adrenergic effectors such as
NA, isoprenaline (Iso), BRL37344 (a selective ,83-agonist) and
CGP12177A (a specific /31/42-antagonist but 43-agonist) were
used to activate AC when they were bound to their specific
receptor.

Western-blot analysis of G. protein
Plasma membranes were electrophoresed on an SDS/12 %-
polyacrylamide gel, electroblotted and incubated with a 1/1000
dilution ofan anti-aG, protein antibody (NEI-805; NEN Dupont
de Nemours, France). The immune complex was detected by
autoradiography after incubation with 125I-labelled Protein A
(Amersham). Bands corresponding to aG. proteins were detected
at 42 and 45 kDa.

RNA analysis
RNA analysis was performed according to Krief et al. [34]. Total
RNA was extracted from BAT by the CsCl (5.7 M) method and
treated for 15 min at 37 °C with 0.3 unit of RNase-free DNase I
(RQ1 DNase; Promega) per ,tg of nucleic acid in 40 mM
Tris/HCl (pH 7.9)/10 mM NaCl/6 mM MgCl2 in the presence

of 2 units/,Il of placenta RNase inhibitor (Promega). RNA was

then extracted with phenol/chloroform (1: 1, v/v) and pre-

cipitated. cDNA synthesis was performed with 100 units of
Maloney murine leukaemia virus reverse-transcriptase (RT) (Life
Technologies Inc.) using 50-100 ng of total RNA in 10 1ul of RT
buffer [67 mM Tris/HCl (pH 8.4), 6.7 mM MgC12, 6.7 lM
EDTA, 10 mM 2-mercaptoethanol and 16 mM (NH4)2SO4 con-

taining 0.4 mM ofeach dNTP, 10,uM ofrandom hexanucleotides
(Pharmacia, France), and 2 units/,ul of placenta RNase inhibitor
(Promega). Samples were then supplemented with 4,tl of
10 x PCR buffer [1 x PCR buffer: 50 mM KCl/10 mM Tris/HCl
(pH 8.3) at 25 °C/1.5 mM MgCl2/0.1 mg/ml gelatin] containing
0.5,ul of 25 mM of each dNTP, 10,l of 50% DMSO, 0.5,1 of
solutions (25,M) of each sense and. antisense oligonucleotide,
1.25 units of Thermophilus aquaticus DNA polymerase (Perkin-
Elmer), and water to 40 ll. cDNAs were denatured for 2 min at
94 °C and amplified with 29 temperature cycles (94 °C, 15 s;
60 °C, 30 s; 72 °C, 30 s) followed by 3 min of final extension at
72 'C in a temperature cycler (GeneAmp PCR System 9600;
Perkin-Elmer). Sequences of the sense and antisense oligo-
nucleotides for fi3-AR were as follows: 5'-ATGGCTCCGTG-
GCCTCAC-3' and 5'-CCCAACGGCCAGTGGCCAGTCAG-
CG-3' respectively. For quantitative purposes, PCR site-directed
mutagenesis was performed to create a BamHI restriction site
within the sequence of the human fl3-AR cloned gene cor-

responding to those amplified, using the above primers. Mutated
DNA were cloned into pGEM4Z transcription vectors, and
RNA was synthesized using an RNA transcription kit (Promega);
50 ng and 100 ng of RNA were used for lean (Fa/fa) and obese
(fa/fa) rats respectively. These quantities of RNA were co-

amplified with the following quantities of the corresponding
mutated RNA: 3 x 104, 1 X 105, 3 x 105, 1 X 106 molecules; the
expected sizes of amplification products were 308 bp and 317 bp
for wild type and mutant respectively. To distinguish the wild
type from synthetic mutants, aliquots of the PCR reaction were

digested for 2 h at 37 °C with 5 units of BamHI (Boehringer
Mannheim) in a total volume of 10 ,1 of PCR buffer. Products
were run in ethidium bromide-stained 2 % agarose gels, and the
fluorescence associated with DNA bands was measured using a
high-speed video camera (Imager, Appligene, France) together
with the NIH image program (Twilight Clone BBS, Silver Spring,
MD, U.S.A.). Results were expressed as log(mutant cDNA
signal/wild-type cDNA signal) as a function of log(amount of
standard RNA). With such an analysis, linear curves were
obtained with regression coefficients greater than 0.98. The
quantity of wild-type RNA was calculated at the equivalence
point when the ordinate equalled zero.

[3H]CGP12177 binding to plasma membranes
Membrane aliquots (50 jug of protein) were incubated for 30 min
at 37 °C in a final volume of 200,1 containing 10 mM MgCl2,
1 mM ascorbic acid, 100,M GTP, 50 mM Tris/HCl (pH 7.5)
and various concentrations of [3H]CGP12177 (TRK 751;
Amersham) ranging from 0.2 to 120 nM. After incubation, the
reaction mixture was immediately diluted with 4 ml of cold
reaction buffer and bound [3H]CGP12177 was separated from
free radioligand by filtration over glass-fibre disks (Whatman
GF/C) pretreated with polyethylenimine (0.3 % for 3 h) and
washed three times. Radioactivity of the filters was measured in
a liquid scintillation counter. Non-specific binding was defined as
the amount of [3H]CGP12177 bound in the presence of 100 ,tM
propranolol, and represented about 15 and 35 % of total binding
at the high- and low-affinity binding sites respectively. Receptor
density (Bmax ) and dissociation constant (Kd) values were de-
termined by Scatchard analysis.

Statistical analysis
Results are means+S.E.M. The level of significance in the
difference between groups was calculated according to the
analysis of variance (ANOVA) test.

RESULTS
Results presented in Table 1 show that membrane characteristics
of preparations from lean and pre-obese rats were not changed
by fa gene expression. In both genotypes, purified plasma
membranes have a 5'-nucleotidase specific activity 30-fold higher
than in crude membranes. Whatever the membrane preparations,
contamination with mitochondria (assessed by cytochrome c
oxidase activity) was identical in fa/fa and Fa/fa rats. Thus it
could be concluded that membrane preparations from the two
genotypes were of similar purity.

Activity of the AC catalytic subunit (estimated in the presence
of Mn2+ and without Mg2+) was not different between the two
genotypes either in basal conditions (9.7+1.2 and
13.2 + 2.56 pmol of cyclic AMP produced/min per mg of protein,
for six Fa/fa and six fa/fa rats respectively) or after stimulation
by 1 x 10-4 M forskolin (134+ 23.2 and 106+22.0 pmol of cyclic
AMP produced/min per mg of protein, for six Fa/fa and six
fa/fa rats respectively).
NaF or non-metabolizable GTP analogues, such as GTP[S]

and p[NH]ppG, are known to have both stimulatory and
inhibitory effects on AC. The ultimate effect of these compounds
depends on their concentration and on the nature and con-
centration of cations present in the incubation medium.

Ability of G. to stimulate AC activity was assessed either at
10 mM NaF or at 1 x 10-4 M GTP[S] (Table 2). With both drugs,
AC activity was significantly reduced infa/fa rats compared with
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Table 1 Marker enzyme activities in membranes obtained from BAT of 14-day-old Zucker rats
Crude and purified plasma membrane extracts were prepared as described in the Materials and methods section. Results are means+ S.E.M.; (n) number of experiments. One unit of enzyme
activity was defined as the amount of enzyme needed to transform 1 mol of substrate/min.

5'-Nucleotidase specific activity Cytochrome c oxidase specific activity
(n) (,u-unit/mg of protein) (m-unit/mg of protein)

Lean
Crude membranes
Plasma membranes

Obese
Crude membranes
Plasma membranes

(3)

(3)

5.70 + 0.52
174.20 +19.51

6.20 + 0.54
183.80 + 19.30

Table 2 Stimulation of AC activity by NaF and GTP[S] In BAT of 14-day-
old Zucker rats

Results are means+ S.E.M. of eight different experiments. **P < 0.01 fa/fa versus Fa/fa.

AC activity (pmol of cyclic AMP produced/min per mg of protein)

(n) Lean (Falfa) Obese (&Ifa)

NaF (10 mM) (7) 350 + 30 177 + 30**
GTP[S] (100 ,uM) (6) 323 + 64 116 + 23**

44.30 + 4.52
16.50+ 1.57

54.30 + 5.48
19.30+ 1.66

.2
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Figure 1 immunoblotting of axG protein isoforms In BAT plasma membranes
from lean and pre-obese animals

Detection of the 42 kDa and 45 kDa forms of Gs in membranes (1 5-30 ,ug of protein) from lean
(tracks 1, 3, 5 and 7) and pre-obese (tracks 2, 4, 6 and 8) animals.

their Fa/fa littermates (-50 % and -60% for NaF and GTP[S]
respectively).

Western-blot experiments were therefore performed to
examine the possibility that decreased G. activity could have
resulted from decreased a subunit expression level. Figure 1

clearly shows that the concentration of aG. in BAT plasma
membranes was identical in Fa/fa and in fa/fa Zucker rats.

Because Gi is believed to be at least as abundant as Gs in
membranes [35], AC activity might depend upon the functional
activity of Gi. Analysis of Gi functioning was therefore assessed
by measuring the action ofp[NH]ppG upon 1 x 10-4 M forskolin-
stimulated AC activity (Figure 2). Due to the higher affinity of
p[NH]ppG for Gi compared with G,, inhibition of AC activity
observed at low concentrations ofp[NH]ppG, could be attributed
to G, action. At 10-9-10-8 M p[NH]ppG, a slight but significant
inhibitory effect was observed in Fa/fa as well as in fa/fa pups,
and this effect was of similar magnitude in both genotypes.

In conclusion, these experiments demonstrate that coupling
activity of G. is lower in pre-obese Zucker rats compared with
their lean counterparts. Such alterations can be attributed neither
to decreased aGs concentrations nor to modifications of the
activities of aG, or of AC catalytic subunits.

Figure 2 Inhibition of AC activity with low concentrations of p[NH]ppG

AC activity was assayed in the presence of 100 ,uM forskolin and increasing concentrations of
p[NH]ppG. Results are means+ S.E.M. of six experiments.

Table 3 AC activity In basal conditions and after maximal stimulation by
dffferent fi-agonists
AC activity in BAT membranes from lean and pre-obese rats was determined in the absence
or in the presence of 100,uM agonist: NA, Iso, BRL37344, or CGP12177. Results are
means+ S.E.M.; (n) number of experiments; **P < 0.01 ta/ta versus Falfa.

AC activity (pmol of cyclic AMP produced/min per mg of protein)

(n) Lean (Fa/fa) (n) Obese (fa/fa)

Basal
NA
Iso
BRL37344
CGP1 2177

(27) 51.50+ 4.42
(6) 247.80+ 19.75
(6) 325 + 85
(7) 221.00 + 39.05
(8) 105.00 + 15.23

(26) 28.00+ 2.18**
(4) 110.70 + 9.04**
(6) 1 24.00 + 1 8.80**
(8) 85.30 + 11 .75**
(8) 40.80+ 5.25**

To examine the status of the ,-AR component of the AC
complex, dose-response curves were constructed using various ,-
agonists. Table 3 presents AC activity in basal conditions and
after maximal stimulation by different /8-adrenergic agonists:
NA, Iso, BRL37344 and CGP12177. Infa/fa rats compared with
their lean Fa/fa littermates, basal AC activity was significantly
decreased (-50 %). Saturating concentrations (I0-4 M) of NA,
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Table 4 Comparative analysis of the effector-stimulated AC actIvItIes in BAT membranes of 14-day-old Zucker rats

AC activity was determined in BAT crude membranes in the presence of various concentrations of indicated ligands. Kinetic parameters (Kact. and V,,a) of AC activity were estimated by non-linear
regression analysis (Inplot4). Values are means + S.E.M.; (n) number of experiments. Kt values correspond to concentration of ligand giving 50% of the maximal stimulation. V,x, values represent
the maximal production of cyclic AMP in pmol/min per mg of protein.

Lean (Fal fa) Obese (falfa)

Ligand (n) K (uM) V, (pmol/min per mg of protein) (n) K8C (V1M) V (pmol/min per mg of protein)

(13) 3.50+ 0.37
(6) 2.40 + 0.31
(6) 0.110+0.018
(5) 0.720+ 0.050

253 + 39
282 + 66
179 +14
105+ 8

(12) 1.70+ 0.33**
(6) 1.10+0.34*
(5) 0.240+ 0.024**
(3) 1.40+ 0.33*

122+16**
119+15*
103 + 7**
41.0+0.5**

** P < 0.01;* P < 0.05 falta versus Falfa.

Table 5 KInetc parameters of AC activation by NA and Iso In BAT membranes from 14-day-old lean and pre-obese Zucker rats
AC activity was determined in BAT crude membranes in the presence of various concentrations of NA or Iso. Activation of the high- and low-affinity components could be modelled by a two-site
mass action equation. Site 1 and site 2 correspond to (,f1 +,82) and /83 components respectively. Proportion of total catecholamine-stimulated activity mediated by each site is given in parentheses.
V,,, values represent the maximal production of cyclic AMP in pmol/min per mg of protein. Kac values correspond to concentration of ligand giving 50% of the maximal stimulation. Values are
means+S.E.M.; (n) number of experiments.

Lean (Falfa) Obese (falfa)

Ligand (n) Kact (nM) Vmax (pmol/min per mg of protein) (n) Kact. (nM) Vmax (pmol/min per mg of protein)

(7) 142.0+16.7
1703 +147

(6) 62.0 +11.5
1608 + 76

80+17 (34%)
163+ 32 (66%)

93.0 + 27.2 (29%)
231 + 67 (71 %)

(7) 87.0+11.7*
2260+151*

36.0+ 8.5 (30%)
83.0+18.6 (70%)

(6) 9.50 + 2.56** 41.0+ 6.7 (30%)
1953 +70** 96.0+14.9 (70%)

**P < 0.01; *P < 0.05 fa/fa versus Fa/fa.

Iso, the ,/3-selective agonist BRL37344 and the ,/3-partial agonist
CGPl2177 (and /31/,82-specific antagonist) were able to exert
potent stimulation of AC activity in membranes from lean and
pre-obese Zucker rats. However, AC activity remained signifi-
cantly lower (40-60%) in fa/fa than in Fa/fa pups.

Kact and Vmax values calculated after analysis ofdose-response
curves are shown in Table 4. The concentration of the non-
selective /3-agonists Iso and NA required for half-maximal
stimulation of AC (Kact values, Table 4) was 2-3-fold lower in
fa/fa than in Fa/fa rats. In contrast, stimulation of AC with the
/33-selective agonists BRL37344 and CGP12177 resulted in K.,,
values 2-fold higher in fa/fa than in Fa/fa pups.
For each agonist, the calculated K.,, values were in good

agreement with those obtained on 3T3-F442A adipocytes [36],
suggesting that, as for these cells, a major population of /83-AR
is also present in BAT adipocytes. For NA- and Iso-stimulated
AC activity, kinetics parameters (K,at and Vm.,,) were thus
estimated by fitting concentration-response data to one- or two-
site mass action equations with non-linear regression analysis
(Table 5). Taking into account the fact that /32-ARs are
undetectable in BAT [8], the high-affinity component mainly
corresponds to /31-AR, whereas the low-affinity component
represents /83-AR. This analysis revealed that 70% of total
activity was mediated by /33-adrenoceptors. It also showed that
at the low-affinity site, Iso and NA were less potent infa/fa than
in Fa/fa pups, whereas the contrary was observed at the high-
affinity site.

These results suggest that in BAT of pre-obese rats, the ,/3-AR

component activity of AC was decreased, while that of /31 was

increased. To test this possibility, we explored the effect of
selective /31-receptor blockade with CGP20712A on the Iso-
stimulated AC activity (Figure 3). Results showed that the
concentration of CGP20712A required to exert half-maximal
inhibition of Iso-stimulated AC activity (IC50) was 2-fold lower
infa/fa than in Fa/fa rats (41.3 versus 89.2 #M, n = 6, forfa/fa
versus Fa/fa respectively; P < 0.05).

In order to study the molecular mechanism at the basis of
decreased /33-AR-stimulated AC activity, quantitative RT-PCR
analysis was performed to compare receptor mRNA steady-state
levels in lean and pre-obese pups (Figure 4). Results clearly
showed that, in BAT of 14-day-old Zucker rats, a significant
decrease in /33-mRNA concentration was already present in
fa/fa compared with Fa/fa pups [(1062 + 170) x 103 and
(303 + 33) x 103 molecules/,ug of RNA for lean and pre-obese
rats respectively, n = 6; P < 0.05, for fa/fa versus Fa/fa]. It
could be speculated that an increase in the absolute amount of
total RNA could compensate for the relative decrease of /83
mRNA observed in BAT of pre-obese pups. However, measure-

ment of total RNA in tissues fromfa/fa and Fa/fa pups revealed
that there was no difference between the two genotypes
(125 + 10.28 and 124.7 + 7.53 ,ug per whole tissue for seven Fa/fa
and seven fa/fa rats respectively).

Hydrophilic radioligand [3H]CGP12177 binding to ,-ARs in
BAT plasma membranes was performed to compare binding
characteristics of Fa/fa and fa/fa pups. The binding of
[3H]CGP12177 to membranes from lean and pre-obese rats
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Figure 5 Saturation curves of a typical [3H]CGP12177 binding experiment
Figure 3 One example of an inhibition curve of Iso-stimulated AC activity performed on BAT plasma membranes from lean and pre-obese Zucker rats

by the pl-selective antagonist CGP20712A

Inhibition of Iso-stimulated (1 0-4 M) AC activity was performed in the presence of increasing
concentrations of CGP20712A. IC50 values (the negative logarithm of the inhibitory constant for
agonist) have been calculated from dose-response curves for the antagonist versus constant
agonist concentration.

Wild-type _-

(308 bp)

Mutant _
(157, 160 bp)

Lean

M 1 2 3 4 5

Pre-obese

1 2 3 4 5

Data were analysed according to the method of Scatchard using the EBDA/LIGAND computer
program. For the two genotypes, data fit well with a two-site model. Inset shows details of
binding data at low concentrations of radioligand.

of both the high- and the low-affinity [3H]CGP12177 sites,
M corresponding to /31- plus /32-AR and /33-AR, respectively.
_ Results (Table 6) showed that in BAT membrane from Zucker

No
pups, /33-ARs represented 800% of total ,-ARs. Kd and Bmax

values of the two affinity AR populations were not modified by
the genotype. Furthermore, Kd values of the high-affinity /31-
adrenoceptors and low-affinity /33-adrenoceptors for
[3H]CGP12177 were in the same range as those observed in CHO

Aft. cells expressing the rat 83-adrenoceptor [37], in 3T3-F442A
adipocytes [38] and in BAT membranes of adult Zucker rats [37].
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Figure 4 p13-AR mRNA steady-state level analysis by a quantitative RT-
PCR assay

Following amplification of /J3-AR cDNA, reaction products were digested with BaAm-I and
separated by agarose gel electrophoresis (top panel). Analysis has been performed on 50 ng
and 100 ng samples of wild-type RNA for lean and pre-obese rats respectively and lanes 1-A
contained four different quantities of synthetic mutated RNA (see the Materials and methods
section). Negative control of PCR reaction was performed using wild-type RNA without the
initial reverse transcriptase step (lanes 5). Fluorescence signals associated with each band were
measured by video-densitometry scanning. In the graphic representation of the results (lower
panel), log(mutated/wild type) represents the logarithm of the ratio of signals corresponding to
mutant and wild-type RNA. Quantities of sample mRNA were calculated at the equivalence point
when log(mutated/wild type) = 0 (see the Materials and methods section).

showed an initial plateau of saturation at about 2 nM of the
radioligand and a second saturable binding component at higher
concentrations (Figure 5). Scatchard analysis of saturation
isotherms allowed the determination of the Bmax and Kd values

DISCUSSION
In the present study we have shown that acG. and /33-AR
coupling to AC are already altered in the BAT of 14-day-old pre-
obese Zucker rats (fa/fa) compared with their lean counterparts.
The coupling activity of /1-AR is on the contrary increased in
the pre-obese animals.

Similar observations have also been made in the liver and
adipose tissue AC system of obese adult rats and mice
[12,15,17,39]. However, this situation in adults may relate to the
profound modifications of body hormonal status which ac-

company obesity [19]. Indeed, both the activity and expression
levels ofreceptors and G-proteins ofthe AC cascade are regulated
by factors such as insulin, thyroid hormones, glucocorticoids and
catecholamines [16,18,40]. In 14-day-old fa/fa rats, even if
endocrine status is not strongly modified byfa gene expression,
it cannot be excluded that the changes observed here in BAT
were secondary to slight hormonal alterations. However, the
increase in insulin level reported in fa/fa pups [24] would be
expected to have an effect on the activity of Gi rather than on

that of G. [17,39]. Thus, altered aG. and /33-AR coupling to AC
could in itself play a role in the development of this obesity.
Our experiments using forskolin, NaF and GTP[S] clearly

show that thefa mutation does affect the aG. subunit rather than
the catalytic component ofAC. However, concentrations of both
the small and the large forms of aG. were not modified by the
genotype, indicating that decreased G. activity could not be
accounted for by a diminution of protein content or a modi-
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Adenylate cyclase system in brown adipose tissue of Zucker rat pups

Table 6 Characteristcs of [HJCGP12177 binding sites in BAT plasma membranes from lean and pre-obese Zucker rats

Saturation experiments were performed within a range of concentrations of [3H]CGP12177 (0.10-100 nM). Data were analysed according to the method of Scatchard using the EBDA/LIGAND
computer program. Results are means+S.E.M.; (n) number of experiments. Percentage of total binding for high- and low-affinity sites is given in parentheses.

High-affinity sites Low-affinity sites

B((m B(m
(n) Kd (nM) (fmol/mg of protein) Kd (nM) (fmol/mg of protein)

Lean (Falfa)
Obese (falfa)

(4) 0.600+ 0.150 114 + 9 (24%)
(4) 0.470+0.144 100+19 (24%)

fication of the ratio of these two forms. Indeed, modifications of
G. activity with no changes in aG. concentration nor in fl-AR
density have already been reported [13,39].

G, activity was also compared between pre-obese and lean
pups since it is now accepted that increased activity of this G-
protein component, resulting in increased levels of f/y dimers,
may also reduce G. stimulation of AC. A similarly weak Gi
activity was, however, detected in both types of animals. Fur-
thermore, expression levels of cGil and aGi2 were found to be
identical in Fa/fa and fa/fa genotypes (P. de Mazancourt,
personal communication).

In pre-obese Zucker rats, besides a decreased G8 activity, we

also observed a diminished capacity of fl3-AR, together with a

higher efficiency of the f1-AR to stimulate AC. No changes,
either in the affinity of these two 8f-AR subtypes for CGP12177
or in their absolute density could, however, be measured between
lean and pre-obese pups. In white adipose tissue and/or BAT of
obese adult rats [7] and mice [41] a decreased responsiveness to
fl3-agonists has been associated with a decreased ,83-AR mRNA
level rather than with a decreased receptor number. In pre-obese
Zucker rats, a diminution of fl3-AR mRNA levels is already
present, but seems to have no bearing on receptor number.

Decreased steady-state levels of fl3-AR transcripts in the BAT
offa/fa pups could result from insulin action [32,42,43], since at
14 days of age a slight hyperinsulinaemia has already developed
[24]. Longer duration and/or higher levels of hyperinsulinaemia
could, however, be able to down-regulate fl3-AR protein and
mRNA in obese adults.
From these observations, it remains possible that the lower

efficiency of43-AR, in pre-obese versus lean animals, to stimulate
AC is due to modifications in the coupling properties of aG.
with the ,83-AR. Since we showed here that coupling of fll-
AR to AC is, on the contrary, increased in fa/fa rats, this
suggests two hypotheses. Either f1l- and fl3-AR interact with the
same G8 protein, but the coupling properties of the G-protein
and of the two f-AR subtypes are differentially affected by thefa
mutation; or alternatively it is possible that, as recently suggested
for Gi [44], several combinations of heterotrimeric G. proteins
exist with which interactions with f-AR subtypes are differen-
tially regulated. Modulation of f-AR high- and low-affinity
states for agonists should probably result from both situations.
In systems as complex as adipose cells, which express three fl-AR
subtypes (and by consequence six affinity states), such pheno-
mena are, however, almost impossible to quantify.

In conclusion, whatever the mechanisms, decreased activity of
the ,83-AR/AC cyclic AMP signalling pathway in BAT of pre-
obesefa/fa pups, together with the low sympathetic stimulation
of the tissue [23], is certainly involved in, and possibly the cause

of, the development of obesity in Zucker rats.

9.80 +1.54 352 + 28 (76%)
8.40+1.24 315+11 (76%)
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