Biochem. J. (2000) 347, 643—651 (Printed in Great Britain)

643

Differential adrenergic regulation of the gene expression of the
p-adrenoceptor subtypes f,, f, and f, in brown adipocytes

Tore BENGTSSON', Barbara CANNON and Jan NEDERGAARD

The Wenner-Gren Institute, The Arrhenius Laboratories F3, Stockholm University, S-106 91 Stockholm, Sweden

In brown adipocytes, fundamental cellular processes (cell pro-
liferation, differentiation and apoptosis) are regulated by
adrenergic stimulation, notably through f-adrenergic receptors.
The presence of all three f-receptor subtypes has been demon-
strated in brown adipose tissue. Due to the significance of the
action of these receptors and indications that the subtypes
govern different processes, the adrenergic regulation of the
expression of the f7,- f3,- and f,-adrenoceptor genes was examined
in murine brown-fat primary cell cultures. Moderate levels of ;-
receptor mRNA, absence of /,-receptor mRNA and high levels
of f,-receptor mRNA were observed in mature brown adipocytes
(day 6 in culture). Noradrenaline (norepinephrine) addition led
to diametrically opposite effects on f,- (markedly enhanced
expression) and f,-gene expression (full cessation of expression,
as previously shown). f,-Gene expression was induced by
noradrenaline, but only transiently (< 1h). The apparent
affinities (EC;,) of noradrenaline were clearly different (7 nM for
the §,-gene and < 1 nM for the f,-gene), as were the mediation
pathways (solely via f,-receptors and cAMP for the f,-gene and

via f,-receptors and cAMP, as well as via o,-receptors and
protein kinase C, for the f,-gene). The half-lives of the corre-
sponding mRNA species were very short but different (17 min
for #,-mRNA and 27 min for f,-mRNA), and these degradation
rates were not affected by noradrenaline, implying that the
mRNA levels were controlled by transcription. Inhibition of
protein synthesis also led to diametrically opposite effects on
p,- and f,-gene expression, but — notably — these effects were
congruent with the noradrenaline effects, implying that a common
factor regulating f,-gene expression negatively and f,-gene
expression positively could be envisaged. In conclusion, very
divergent effects of adrenergic stimulation on the expression of
the different f-receptor genes were found within one cell type,
and no unifying concept of adrenergic control of f-receptor gene
expression can be formulated, either concerning different cell
types, or concerning the different f-receptor subtype genes.
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INTRODUCTION

In brown adipocytes, processes fundamental for cellular de-
velopment are controlled by noradrenaline, including cell pro-
liferation [1,2], apoptosis [3] and cellular differentiation [4,5].
These processes are, however, not all controlled via the same
adrenergic receptor; rather, a marked functional segregation
would seem to have occurred. Cell proliferation is stimulated via
f,-adrenoceptors [1] whereas enhanced differentiation, notably
the expression of the tissue-specific uncoupling protein (UCP) 1
[6], is pB,-stimulated [4,5]. The distinctive adrenergic profiles for
stimulation of proliferation and of differentiation in brown
adipocytes are due to a differentiation-induced switch in the type
of p-receptor mediating the noradrenaline response [1,7,8], from
B, to f,. Because of this central role of g-adrenoceptors in the
control of fundamental processes of the brown adipocyte, and
because of their differential association with tissue development,
the control of the expression of these receptors is of considerable
interest. We and others have previously reported that there is a
dramatic down-regulation of pg,-receptor gene expression (in
both extent and velocity) upon adrenergic stimulation of brown
adipocytes both in situ and in culture [9-11]. Clearly, the
differential effects of the different p-receptors on fundamental
cellular processes prompted the question as to whether the
expression of the different p-receptor genes was also under

differential adrenergic control. In the present study we have
analysed the adrenergic control of gene expression of ;- and f3,-
adrenergic receptors in primary cultures of brown adipocytes. To
ascertain the validity of the observed differential regulation of 5,-
and f,-gene expression versus /3,-gene expression, we considered
it necessary to re-examine, in parallel, the control of f,-receptor
gene expression. The results obtained (and extended) here were
both qualitatively and quantitatively in accordance with our
carlier observations [11].

We demonstrate in the present study that in the cultured brown
adipocyte system, gene expression of the three p-adrenergic
receptor subtypes is independently and differentially regulated by
adrenergic stimulation. Studies under analogous in vivo
conditions indicate that the validity of the results is not restricted
to the cell culture system but that the differential control is a
physiologically relevant phenomenon.

MATERIALS AND METHODS
Cell culture

For the cell culture studies, brown-fat precursor cells were
isolated in principle as previously described [5] from 3-week-old
mice that had been kept at the institute at 22 °C for 2-3 days
before dissection. The mice were of an NMRI outbred strain

Abbreviations used: DMEM, Dulbecco’s modified Eagle’s medium; PKC, protein kinase C; PMA, phorbol 12-myristate 13-acetate; UCP, uncoupling

protein.
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from a local supplier (Eklund). The interscapular, axillary and
cervical brown adipose tissue deposits were dissected out under
sterile conditions. The tissue was carefully minced and transferred
to the Hepes-buffered solution (pH 7.4) detailed by Néchad et al.
[12], containing 0.2 9, (w/v) crude collagenase type II (Sigma).
Routinely, pooled tissue from six mice was digested in 10 ml of
the Hepes-buffered solution. The tissue was digested for 30 min
at 37 °C and vortex-mixed every 5 min. The digest was filtered
through a 250 ym silk filter into sterile tubes. To allow the
mature brown-fat cells and lipid droplets to float, the solution in
sterile tubes was placed on ice for 15 min. The infranatant was
filtered through a 25 um silk filter and collected in 10 ml sterile
tubes. The precursor cells were collected by centrifugation for
10 min at 700 g, resuspended in Dulbecco’s modified Eagle’s
medium (DMEM) and recentrifuged. The pellet was resuspended
in a volume corresponding to 0.5 ml of cell culture medium/
mouse dissected.

The cell culture medium consisted of DMEM supplemented
with 10 9, newborn calf serum (Life Technologies), 4 nM insulin
and 10 mM Hepes and with 50 units/ml penicillin, 50 pg/ml
streptomycin, and 25 ug sodium ascorbate per ml [13]. Aliquots
of 0.5ml of cell suspension were cultivated in 25 cm? tissue
culture flasks (Life Technologies) with 4.5 ml of cell culture
medium in each flask, or 0.2 ml of cell suspension in six-well
culture dishes (Life Technologies) with 1.8 ml of cell culture
medium in each well. The cultures were placed at 37 °C in a
water-saturated atmosphere of 8 9, CO, in air, in a Heraeus CO,-
auto-zero B5061 incubator. On days 1, 3 and 6 (if experiments
were not performed on that day), the medium was discarded, the
cells were washed with prewarmed DMEM, and fresh medium
was added. Most experiments were performed with cells after
6-7 days in culture, i.e. at confluence. Detailed protocols are
found in the description of each experiment.

At the end of each experiment, the medium was discarded and
the cells were dissolved in 1 ml of an Ultraspec solution (Biotecx
Laboratories, Houston, TX, U.S.A.); the manufacturer’s
procedure for RNA isolation was followed. The final pellet was
suspended in 50 ul of 10 mM EDTA and the RNA extracted
at 65°C for 10 min with vortex-mixing every 2 min. RNA
concentration was measured and absence of protein contami-
nation was checked on a Beckman DU 50 spectrophotometer
with readings at 260 nm and 280 nm. The ratio of 260/280nm
was routinely higher than 1.7.

Animals

For the studies in intact animals, 6-week-old male mice (NMRI
strain; Eklund, Vallentuna, Sweden) were kept at +28 °C for
at least 7 days with free access to food (‘Standard rat and
mouse feed’, B&K Universal, Stockholm, Sweden) and water.
The animals were thereafter either transferred to single cages at
+4°C (i.e. 3-5°C) (cold exposure) or handled in the same way
but kept at +28 °C (i.e. 27-29 °C) (control) for the indicated
times. The animals were killed by CO,, followed by decapitation,
and the interscapular brown adipose tissue was excised. Homo-
genization in Ultraspec solution (Biotecx Laboratories) was
performed with a Potter-Elvehjem homogenizer with a tightly
fitting teflon pestle (1015 strokes), and total RNA was isolated
according to the manufacturer’s total RNA isolation method.

Northern-blot analysis

Solutions containing RNA in 10 mM EDTA were freeze-dried in
a SpeedVac. The RNA was then dissolved in 15 ul of RNA
cocktail, consisting of 509, (v/v) formamide, S mM Mops and
9% (v/v) formaldehyde, and 5 ul of loading buffer consisting of
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509% (w/v) glycerol and 0.1 mg/ml Bromophenol Blue. The
solution was incubated for 10 min at 65 °C and then chilled on
ice. The samples were loaded on a gel [1.259, agarose, 10 mM
Mops, 6.2 %, (v/v) formaldehyde and 20 xl of 1 mg/ml ethidium
bromide]. The gel was run in 20 mM Mops buffer for 2-3 h at
4-5V/cm. After electrophoresis, the 18 S-28 S rRNA bands
were verified under UV-light to examine the samples for equal
loading and to ensure that no degradation had occurred.

The RNA was blotted overnight from the gel to a Hybond-N
membrane in 20 x SSC (where 1 x SSC is 0.15 M NaCl/0.015 M
sodium citrate). Three sheets of Whatman 3MM filter paper
soaked in 20 x SSC were placed on top of the Hybond-N
membrane. The gel and the Hybond-N membrane were examined
under UV-light. The RNA was cross-linked to the Hybond-N
membrane [UV Stratalinker 1800 (Stratagene) with the auto
crosslink program]. The Hybond-N membrane was prehybridized
with 10 ml of a solution containing 5x SSC, 5x Denhardt’s
solution (where 1 x Denhardt’s solution is 2%, Ficoll 400/2 9,
polyvinylpyrrolidone/2 %, BSA), 0.5% SDS, 50 mM sodium
phosphate, 509, formamide and 100 xg/ml of degraded DNA
from herring sperm (Sigma) in a hybridization oven (Hybaid) at
45°C for 2h. After this prehybridization, the Hybond-N
membrane was transferred to a similar solution containing the
denatured probe (see below) at a final concentration of (1-3) x
105 c.p.m./ml. The hybridization was carried out for at least
16 h at 45 °C. The Hybond-N membrane was then washed twice
in 2 x SSC, 0.29, SDS at 30 °C for 20-30 min and then twice in
0.1 xSSC, 0.29%, SDS at 50 °C for 45 min. The membrane was
sealed in a plastic envelope and exposed to a Phosphorlmager
screen. The screens were analysed on a Molecular Dynamics
PhosphorImager with the ImageQuant program. When the same
membrane was analysed for several mRNA species, the previous
probe was removed by pouring boiling 0.1 9%, SDS solution onto
the membrane and letting it cool to room temperature.

P~ B,- and f,-adrenoceptor cDNA probes

The rat f,-cDNA used was that previously characterized by
Revelli et al. [9]. It was cloned into the EcoRI site of the PVZ,
plasmid (size approx. 2.7 kb). The 1.5 kb fragment obtained by
Harl digestion was used for hybridization. The j,-probe was an
896 bp EcoRV-BstEII fragment obtained from the human f,-
c¢cDNA in pUCI18 [14]. The p,-probe originated from the
A43 probe characterized previously [15]. A fragment of the A43
mouse f,-adrenoceptor gene was subcloned into pUCIS at the
Xbal site. This genomic DNA fragment has a length of 300 bp
and corresponds to the 5’-coding region of the f,-adrenoceptor
from the initial ATG to the second transmembrane loop (TM2).
To generate the §,-adrenoceptor probe used in the present study,
the plasmid was cut with the restriction enzymes BamHI and Sall
to a length of 0.5 kb.

The probes were labelled with [o-**P]dCTP using a DNA label-
ling kit (Boehringer) to an activity of (10-100) x 10¢ c.p.m./ug
of DNA (and eluted in 200 xl of 10 mM Tris/HCI (pH 7.4),
1 mM EDTA to 10000-60000 c.p.m./ul of stock solution).

Analysis of dose—response curves

For analysis of dose-response curves, the curve-fitting option of
the KaleidaGraph 3.0 application (Synergy Software, Reading,
PA, U.S.A.) was used. Monophasic dose-response data were
analysed with the rearranged Michaelis—-Menten equation:

V, = basal+V, /{1+(EC,,/[A]}

where [A] is the concentration of adrenergic agent added, V, is
the response (MRNA level) observed at that concentration, basal
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is the basal mRNA level, and V,_is the estimated maximal
increase in mRNA level. For the analysis of biphasic ( ‘semi-bell-
shaped’) dose—response data, a model [16] for the interaction of
a ligand with two different receptors, one stimulatory (S) and one

inhibitory (I), was used:

Vi = basal+ V., (S)/T1+(EC; /IAD} + V. (/11 +(1C; /[AD;

Chemicals

L-Noradrenaline bitartrate (arterenol), DL-propranolol and
collagenase (type II) were obtained from Sigma. BRL-37344 was
a gift from SmithKline Beecham Pharmaceuticals, CGP-12177
was a gift from Ciba-Geigy and ICI-89406 and ICI-118551 were
gifts from Imperial Chemical Industries (AstraZeneca, Sodertilje,
Sweden). All adrenergic agents were freshly dissolved in water.
Noradrenaline was dissolved in 0.125 mM sodium ascorbate (as
in medium).

RESULTS
[-Adrenoceptor subtype gene expression in cell cultures

To study the possible differential regulation of the gene expression
of the p-adrenoceptor subtypes, experiments were performed in
primary cultures of mouse brown adipocytes. In these cell
cultures, isolated undifferentiated brown-fat precursor cells grow
to reach confluence. At the time of confluence (day 5-6 in
culture), the cells have morphologically differentiated, contain
multilocular lipid droplets and have the ability to show
noradrenaline-induced expression of the gene for the tissue-
specific mitochondrial protein UCP1 (thermogenin) [4,5]. At this
point of innate differentiation, moderate levels of f,-receptor
mRNA and high levels of §,-receptor mRNA may be encountered
in the cells [8], and this stage was therefore selected for the
examination of possible differential adrenergic regulation of
the gene expression of these receptors.

The presence of ,-receptor mRNA in these cells was confirmed
in the Northern-blot displayed in the top panel of Figure 1 (0 h
lane). The size of the f,-transcript was 2.6 kb, in good agreement
with what has been observed in a variety of tissues, including
brown adipose tissue [17-20].

There was little or no expression of the f,-adrenergic
receptor gene in unstimulated brown adipocytes [although
this receptor was expressed in the brown adipocyte sample tissue
(rightmost lane)].

The f,-gene was well expressed. The estimated size of the /-
adrenergic receptor major transcript was 2.4 kb (top panel of
Figure 1), in good agreement with previous reports for mouse £,-
receptors [8,11,15,21]. In the following we have used only the
major band of 2.4 kb for compilation of results.

As similar labelling procedures were used for the different
receptors, the intensity of the signals versus background can be
used as a semiquantitative estimation of mRNA levels. It is
then clear that the S,-mRNA levels were much higher than
the f,-mRNA levels, and that the innate expression level
of the f,-gene was orders of magnitude lower than that of the
p,- or f,-genes.

Noradrenaline-induced differential regulation of f-adrenoceptor
subtype gene expression in cultured brown adipocytes

To examine possible differential adrenergic control of expression
of the three f-receptor subtypes, the cultured brown adipocytes
were treated with noradrenaline for various times, and the levels
of f-adrenoceptor mRNA in the total RNA determined by
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Figure 1 Influence of noradrenaline on .-, f,- and f.-receptor mRNA
levels in primary cultures of mouse brown adipocytes

(Top panel) Confluent cultures of brown adipocytes (day 6 in culture) were treated with 0.1 M
noradrenaline (NA/NE) for the times indicated. Total RNA was isolated as described in the
Materials and methods section. Samples (15 £.g) were analysed by Northern-blot analysis, by
hybridization with the /-adrenoceptor probes described in the Materials and methods section.
‘BAT indicates 10 g of total RNA from brown adipose tissue from one control mouse (22 °C).
(Bottom left panel) Compilation of the results from short-time experiments principally similar to
those exemplified in the top panel. The results are the means + S.E.M. of two independent cell
culture series. Within each series the experiments were performed in independent duplicate
cell culture wells. @, /;-mRNA levels; I, /S5-mRNA levels in cells treated with 0.1 uM
noradrenaline. O, #;-mRNA levels; [, represents /;-mRNA levels in cells treated only with
vehicle. The line for the /;,-mRNA levels was drawn after reiterative fitting to the function:
Vi = basal+ V- [1 —exp(—7-1)], where 1 is the mRNA level at time t, I/, is the maximal

increase in mRNA level, and 7 is the time constant. The fitting yielded a I/, of 127 +24%

max

of initial #;-mRNA levels and a half-time of 33 415 min. The line for the /;-mRNA levels was
drawn after reiterative fitting to the function: if = basal-exp[7 - (t —1,)], where t, is the lag time.
The fitting yielded a half-time of 1945 min for the /4;-mRNA levels, with a lag time of 30 min.
(Bottom right panel) Compilation of results from experiments similar to those exemplified in the
top panel. In each experiment, the mean level of /3;- and £,-mRNA in untreated wells at zero
time was set to 100% and the other values given relative to this. The results are the
means + S.E.M. of three cell culture series (different from the bottom left panel). Within each
series the experiments were performed in independent duplicate cell culture wells. The same
symbols are used as in the bottom left panel. The lines were drawn with the ‘smooth’ option
in the KaleidaGraph application for Macintosh.

Northern-blot analysis, as exemplified in the Northern-blot in
the top panel of Figure 1.

Quite in contrast to the adrenergically induced down-regu-
lation reported previously for j,-receptors in brown adipocytes
in situ or in primary culture and in adipocyte-like cell lines
[9-11,21,22] (which is also confirmed below), noradrenaline
addition led to a rapid increase in the #,-mRNA level (bottom
left panel of Figure 1). After as little as 7.5 min, there was a
detectable increase in f,-receptor mRNA levels (Table 1), and
the level was further increased during the first 2 h (bottom left
panel of Figure 1) of adrenergic stimulation, after which the level

© 2000 Biochemical Society
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was maintained at approx. double the initial level for at least 16 h
(bottom right panel of Figure 1). Fitting of the data points from
the bottom left panel of Figure 1 to an exponential time function
yielded a half-time of 33 min for the increase of the f,-receptor
mRNA levels.

Notably, the f,-adrenergic receptor gene, which was not
expressed at all in unstimulated brown adipocytes, was transiently
induced by noradrenaline. After 15 min of noradrenaline stimu-
lation, f,-adrenergic receptor mRNA could be detected, and
after 30 min the expression had reached a significant level
(Table 1 and the top panel of Figure 1). The size of the },-
adrenoceptor transcript was 2.4 kb. This is similar to the size
previously reported in adipose cells [18,20]. However, after 2 h of
stimulation with noradrenaline, the p,-adrenergic receptor
mRNA had again become undetectable (Table 1 and the top
panel of Figure 1). The control of f,-expression has not been
further studied here.

Also in the present study, f,-adrenergic receptor gene ex-
pression was rapidly, extensively and transiently down-regulated
by noradrenaline, as previously reported by us and others
[9-11,21,22]. It may be noted that in the present experiments,
with a more detailed time resolution, a slight but statistically
significant increase in the f,-receptor mRNA levels during the
initial lag phase was detected (Table 1), before the rapid decrease
(half-time 19 min) in mRNA levels.

Thus, the three p-receptor subtypes displayed markedly
different responses in the adrenergic regulation of their gene
expression.

Effect of noradrenaline concentration on fS-adrenoceptor gene
expression

Although contrasting expression responses (up- or down-regu-
lation) of the f5,- and f,-receptor genes were observed, it could be
envisaged that the same intracellular processes controlled these
responses. One initial possibility to examine whether this was
the case, was to examine if the two responses displayed identical
or different sensitivity to adrenergic stimulation.

The dose-response curve for the noradrenaline-stimulated
increase in §,-mRNA levels is depicted in Figure 2. The response,
which had an EC, value of 7 1M (uncertainty interval 6-8 nM),
did not appear to display simple Michaelis—Menten kinetics.
Instead a semi-bell-shaped appearance of the dose-response
curve may be envisaged. Such unusual dose—response curves are
not without precedence in studies of cultured brown adipocytes.
They have been observed for the adrenergic control of the
expression of the UCP1 gene ([4,5,23]; and the present study,
results not shown), and for adrenergic control of cAMP ac-
cumulation [8]. That the noradrenaline-induced increase in
expression of the g, -receptor displayed such a dose-response
curve is thus in itself an indication that the effect is mediated via
the cAMP pathway (see also below).

The dose-response curve for the noradrenaline-induced de-
crease in f,-mRNA levels deviated markedly from the dose-
—response curve for 4,-expression. The response displayed simple
Michaelis-Menten kinetics. In agreement with [11] the EC,,
value for the down-regulation of the £, mRNA levels was 1 nM
(uncertainty interval 0.7-1.3 nM), i.e. nearly an order of mag-
nitude lower than that for the f,-gene effect.

Thus, the adrenergic regulation of ;- and f,- gene expression
not only displayed contrasting effects (up- versus down-
regulation) and different temporal kinetics, but also such different
receptor Kkinetics that it may be assumed that the adrenergic
receptors involved, and/or the intracellular mediation, were
non-identical.

© 2000 Biochemical Society

Table 1 Short-term differential influence of noradrenaline on the mRNA
levels of the three f-adrenergic receptors in primary cultures of mouse
brown adipocytes

After 6 days in culture, cells were treated with 0.1 M noradrenaline for the indicated times,
after which 20 «g of RNA was analysed by Northern-blot analysis by hybridization with the /-
adrenoceptor probes, as described in the Materials and methods section. Data are means +
S.E.M. from two cell culture series each performed in independent duplicate cell culture wells.
The mean levels of f;- and ,-mRNAs in untreated wells were set to 100% and the other
values given relative to this. The highest value of /,-mRNAs was set to 100% and the
other values given relative to this. The early increase in /;-receptor expression is statistically
significant (P < 0.01; Student’s paired ¢ test).

£1-mRNA level (%) L,-mRNA level (%) Ps-MRNA level (%)

Control 10040 0 10040
7.5 min 1M17+2 3+2 124 +8
15 min 13749 25438 125+6
30 min 195+5 10040 104 +3
120 min 251425 0 3+1
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Figure 2 Dose—response curves for the effects of noradrenaline on f,-and
P,-adrenergic receptor mRNA levels in cultures of brown adipocytes

Confluent cultures of brown adipocytes (day 7 in culture) were treated for 2 h with the indicated
concentrations of noradrenaline (NE). Total RNA was isolated and analysed as described in the
Materials and methods section. The values are means + S.E.M. of two cell culture series, one
performed in triplicate and one performed in quadruplicate in independent cell culture wells.
Untreated wells were set to 100% for each probe and cell culture series and the other values
given relative to this. @, 4,-mRNA levels; I, £;-mRNA levels. The S,-mRNA levels were
analysed for Michaelis—Menten kinetics, using a model for the interaction of a ligand with two
different receptors, one stimulatory and one inhibitory, as described in the Materials and
methods section. Prior analysis with simple Michaelis—Menten kinetics or with Michaelis—
Menten kinetics with a free Hill coefficient yielded worse correlation values. The results
of the ;-mRNA levels were fitted with the general curve-fitting procedure for Michaelis—Menten
kinetics with one stimulatory receptor. More complex kinetic models did not increase the
correlation value.

Characterization of the adrenergic receptor and the intracellular
mediators involved in the adrenergic control of S-receptor gene
expression

Based on the indication that different receptors and/or intra-
cellular pathways may be involved for the two genes, the nature
of the adrenergic receptor and of the intracellular mediation was
studied (Table 2).
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Table 2

Influence of adrenergic agents on f,- and f,-receptor mRNA levels in cultures of brown adipocytes

After 6 days in culture, cells were treated with the indicated agonists for 2 h, after which time total RNA was isolated and analysed as described in the Materials and methods section. Data are
means + S.E.M. from the number of cell culture series indicated. Within each series, the experiments were performed in independent duplicate cell culture wells. The agonists noradrenaline (NA),
adrenaline, isoprenaline and BRL-37344 were added at a concentration of 0.1 M, the agonists cirazolin and CGP-12177 were added at a concentration of 1 M, the antagonists prazosin, yohimbine
and o,L-propranolol were added at a concentration of 10 #M and the antagonists ICI-89406 and ICI-118551 were added at a concentration of 1 «M (all antagonists were added 10 min before
noradrenaline addition). Concentrations of 1 xM forskolin, 1 M A23187, 1 mM 8-bromo-cAMP, and 500 ng/ml PMA were added. [Caz*]‘ and [cAMP], intracellular concentrations of Ca®* and

cAMP, respectively.

Receptor(s) or intracellular

Agent mediator stimulated £-mRNA level (%) n f5-mRNA level (%) n
Control 10040 4 10040 5
Noradrenaline o001 fafs 162 +12 4 8+2 5
Noradrenaline + prazosin 31 o35 167 +24 2 543 2
Noradrenaline + yohimbine oy 1P 159 £30 2 542 2
Noradrenaline 4 1C1-89406 ooy fofis 174+18 2 6+4 2
Noradrenaling 4 ICI-118551 0,f P 188 +17 2 742 2
Noradrenaline + propranolol a0y (fy) 90+4 3 2345 3
Girazoline oy 100413 3 3146 4
Cirazoline + Prazosin 88+15 2 9547 3
NA + Propranolol + Prazosin 115420 2 4844 3
Adrenaline o001 fofs 163 +15 2 342 2
Isoprenaline L1l 149414 4 6+2 5
BRL-37344 £ 14747 2 8+5 2
CGP-12177 fs 120+ 11 2 8+3 3
A23187 [Ca*"]; 82412 4 90+9 5
PMA PKC 78+23 2 1644 3
Forskolin [cAMP]; 181+12 2 1946 2
8-Bromo-cAMP [CAMPY; 169+3 1 10+1 1

P

Concerning f,-adrenergic receptor gene expression, the subtype-
selective a-adrenergic antagonists prazosin («,;) or yohimbine
(a,) both failed to prevent the noradrenaline-induced up-regu-
lation of p,-gene expression (Table 2). Therefore, subtype-
selective f-adrenergic antagonists, ICI-89406 (4,) and ICI-118551
(p,), were tested. However, these antagonists also failed to
prevent the noradrenaline-induced up-regulation of j,-gene
expression. In contrast, the subtype-nonselective f-adrenergic
antagonist propranolol, added in sufficiently high concentration
(100-fold excess) that it should also be able to inhibit the },-
receptor (which has a much lower affinity for propranolol than
the /3, /f,-receptors [24,25]), prevented the noradrenaline effect.
Thus the receptor involved was apparently of the §,-subtype, but
as no established p,-antagonist is available, we could not
investigate the effect of selective inhibition of the f,-adrenergic
receptors. Instead, agonist effects were examined. Treatment
with the o -receptor agonist cirazoline had no effect on f,-
receptor expression. However, adrenaline, as well as the subtype-
nonselective f-adrenergic agonist isoprenaline, the f,-adrenergic
receptor selective agonist BRL-37344 and the absolute f,-agonist
CGP-12177 (which is an antagonist on /5,- and f,-receptors [26])
all mimicked the effect of noradrenaline. These agonist experi-
ments therefore confirm that the effect could be brought about
by stimulation of f,-receptors.

Concerning the intracellular mediation of the adrenergic signal
controlling f,-receptor gene expression, three established intra-
cellular mediators were tested: Ca*", protein kinase C (PKC)
and cAMP. The Ca**-ionophore A23187 failed to induce an up-
regulation of f,-receptor mRNA, and, similarly, treatment with
the PKC activator phorbol 12-myristate 13-acetate (PMA) did
not induce an up-regulation of f,-receptor gene expression.
However, the adenylate cyclase activator forskolin increased /-

receptor gene expression, as did treatment with 8-bromo-cAMP
(a cAMP analogue). Thus, up-regulation of f,-receptor mRNA
was brought about by an activation of f,-receptors and by
subsequent increases in intracellular cAMP levels, whereas «,
receptors and the corresponding second messengers were without
effect.

Bs

Prazosin or yohimbine also failed to prevent the noradrenaline-
induced down-regulation of f,-gene expression (Table 2).
Thus, a f-adrenergic stimulation was sufficient to down-regulate
f5-gene expression. The subtype selective f-adrenergic receptor
blockers, 1CI-89406 and ICI-118551, similarly failed to prevent
the noradrenaline-induced down-regulation. However, in con-
trast to what was observed above concerning f,-expression,
propranolol also failed to fully prevent the noradrenaline
effect on f,-receptor gene expression. Thus, a discrepancy
between receptor types involved in f,- and f,-gene expression
was implied through these antagonist experiments. This was
confirmed through agonist experiments. Treatment with the
o,-agonist cirazoline resulted in a down-regulation of /-
receptor mRNA levels (although to a lesser extent than with
noradrenaline). This effect of cirazoline could be completely
blocked by the «,-receptor antagonist prazosin, confirming that
this down-regulation was indeed o,-adrenoceptor mediated. As
expected [11], the f,-agonists BRL-37344 and CGP-12177
also down-regulated the p,-adrenergic receptor mRNA levels.
Thus down-regulation of f,-receptor nRNA could be mediated
via both f,- and a,-receptor activation.

Concerning the intracellular mediation of the adrenergic signal
controlling p,-receptor gene expression, the Ca**-ionophore
A23187 failed to induce a decrease in f,-mRNA (Table 2).

© 2000 Biochemical Society
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Figure 3 Effect of inhibition of RNA synthesis

(A) Confluent cultures of brown adipocytes (day 6 in culture) were treated with the indicated
drugs. O, f;-mRNA levels; [, #,-mRNA levels, in cells treated with 1 zg/ml actinomycin.
@, /,-mRNA levels; I-H. represents S,-mRNA levels, in cells treated with 0.1 xM
noradrenaline 41 xg/ml actinomycin. Untreated wells at zero time were set to 100% for each
probe and the other values given relative to this. (B) The rate of decline of mRNA levels due
to inhibition of RNA synthesis. The points are from (A) but only those relevant for the calculation
of #,-mRNA half-life (O) and S;-mRNA half-life (() are depicted, here on a semilogarithmic
scale. The line is drawn for best-fit to first-order kinetics, i.e. basal-[exp(—7 -1)]. The curve
was fitted with the general curve-fit procedure in the KaleidaGraph application for Macintosh.
The half-life was estimated to be 1741 min for the 4;-mRNA and 27 44 min for the /f,-
mRNA.

However, treatment with PMA brought about down-regulation
of the f,-receptor mRNA. Forskolin also repressed f,-receptor
mRNA, as did treatment with 8-bromo-cAMP. Down-regulation
of the f,-receptor mRNA may therefore clearly be brought
about by activation of two different receptors and pathways:
through g,-receptors and cAMP, and through «,-receptors and
activation of PKC.

The adrenergic effect on gene expression is not due to alterations
in f-receptor mRNA stability

To determine the stablity of the f-receptor transcripts, the RNA-
synthesis inhibitor actinomycin D was used at a concentration
previously shown not to be detrimental to the cells during short-
term treatment [27,28]. The turnover of both transcript species
was very rapid. The half-life of the f,-receptor mRNA was
17 min (uncertainty interval 16-18 min) (Figures 3A and 3B),
and that of the f,-receptor mRNA was 27 min (uncertainty
interval 23-31 min) (Figures 3A and 3B) (the latter in agreement
with what we have reported earlier [11]).

Up-regulation of the p,-receptor mRNA levels by
noradrenaline could be due to a decrease in the rate of degra-
dation of the #,-mRNA or to an increase in transcription of the
p,-receptor gene. It was therefore investigated whether
noradrenaline influenced the turnover of the transcript. The half-
life after treatment with actinomycin plus noradrenaline was
15 min (uncertainty interval 10-20 min) (Figure 3A). Thus, the
p,-receptor mRNA half-life after actinomycin plus noradrenaline
was identical to that after treatment with actinomycin alone
(17 min). The mRNA level was therefore most likely fully
determined by regulation of transcription.

© 2000 Biochemical Society
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Figure 4 Divergent influence of a translational inhibitor on the levels of
p;- and f,-adrenergic receptor mRNAs in cultures of brown adipocytes

Confluent cultures of brown adipocytes (day 6 in culture) were treated with the translational
inhibitor cycloheximide (50 zM) or treated only with vehicle. Untreated wells at zero time were
set to 100% for each probe and the other values given relative to this. The results are the
means + S.E.M. of two cell culture series. Within each series the experiments were performed
in independent duplicate cell culture wells. A, £;-mRNA levels; @, £;-mRNA levels, in
cells treated with cycloheximide. O, #;-mRNA levels; [, represents /4,-mRNA levels in cells
treated only with vehicle. The lines were drawn with the ‘smooth’ option in the KaleidaGraph
application for Macintosh.

Similarly, the half-life of the g, -adrenergic receptor mRNA
after treatment with actinomycin and noradrenaline (Figure 3A)
was calculated to be 28 min (uncertainty interval 27-29 min) and
thus not significantly different from that after treatment with
actinomycin alone. This indicates that the down-regulation was
mainly due to cessation of transcription, as concluded previously

[11].

Influence of inhibition of protein synthesis on f-receptor mRNA
levels

A distinctive dependence on ongoing protein synthesis has been
reported for f,-receptor gene expression [11]. To examine whether
a similar dependence existed for f,-receptor gene expression, the
brown adipocytes were treated with cycloheximide. However, in
direct contrast to the pronounced negative effect of this treatment
on f,-gene expression (confirmed here, Figure 4), §,-adrenergic
receptor mRNA levels increased markedly as an effect of protein
synthesis inhibition and after 1.5 h reached levels more than 3-
fold higher than initial levels (Figure 4) (i.e. even higher than that
seen after noradrenaline stimulation).

Physiological regulation of f-adrenoceptor gene expression in
intact animals

To clarify the physiological relevance of the above observations
in brown adipocyte cultures on adrenergic regulation of /-
receptor gene expression, analogous experiments were performed
in vivo. Cold exposure of animals leads to a physiologically-
induced release of noradrenaline within the tissue which
stimulates the cells, and this adrenergic stimulation continues
unabated during prolonged demands for thermogenesis [29].
Consequently we also investigated whether the physiologically
induced adrenergic stimulation would lead to differential regu-
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Figure 5 Levels of f,- and f,-adrenergic receptor mRNAs in brown
adipose tissue of mice exposed to cold

Total RNA was isolated from the brown adipose tissue of 6-week-old mice which had been
preacclimatized to 28 °C for 7 days and were then maintained at 28 °C (open symbols) or were
placed at 4 °C (filled symbols) for the indicated times. A sample of 20 g of RNA was analysed
by Northern-blot analysis, by hybridization with the £-adrenoceptor probes as described in the
Materials and methods section. The mean value at 28 °C was set to 100% for each probe and
the other values expressed relative to this. Each point represents the mean + S.E.M. from four
mice. @, S;-mRNA levels; I, £;-mRNA, in mice placed at 4 °C. O, #;-mRNA levels; 7,
f5-mRNA levels, in mice maintained at 28 °C for the indicated times.

lation of the gene expression of the f-receptors on the cells in the
intact tissue.

As seen in Figure 5, acute exposure of mice to cold led indeed
to an increase in mRNA levels of the f,-adrenergic receptor in
brown adipose tissue. The level was measurably increased after
2 h in the cold and it reached 150 9, of control values after 12 h.
The levels remained elevated for at least 25 h. No significant
differences were observable in the #,-adrenergic receptor mRNA
levels (results not shown), but, in agreement with our earlier
observations [11], a decrease in the levels of mRNA for the fj,-
adrenergic receptor was observed after 2 h in the cold. The levels
were further reduced to half of control values after 12 h in the
cold, but subsequently returned towards control levels (Figure
5).

It was therefore concluded that the differential effects of
adrenergic stimulation on expression of the j-receptor subtype
genes observed and analysed in brown adipocyte cultures above
were not phenomena restricted to this in vitro system but that
these events do occur during physiological stimulation of the
tissue, with a time-course not much different from that observed
in the cell culture system.

DISCUSSION

In the present study, we examined the adrenergic regulation of
the expression of the three f-adrenergic receptor subtype genes in
brown adipocytes. We found that the expression of each gene
was distinctively regulated within this single cell type, as
summarized below for each receptor. It is therefore clear that no
general principle for the adrenergic control of the expression of
all the f-adrenoceptor genes exists. Even for each subtype, cell
type-specific adrenergic regulation seems to prevail.

p,-Adrenergic receptor gene expression

The f,-adrenoceptor gene was innately expressed in the mature
brown adipocytes under study. Adrenergic stimulation rapidly
increased mRNA levels for the g -receptor. This increase was
mediated through p,-receptors and through an elevation of
cAMP levels. The increased mRNA level was not due to
prolongation of mRNA half-life.

An augmenting effect of f-adrenergic stimulation on f,-gene
expression has been noted in several different systems [30-32].
However, in the C6 glioma cell lines used previously [31-33], this
initial induction was rapidly followed by a phase of repression of
gene expression. Only in non-cell-line systems, such as that used
here and the explant-cultured pineal gland cells used by Carter
[30], is a persistent increase in f,-gene expression observed.

The up-regulation of #,-gene expression was mediated via /-
receptors, i.e. it was heterologous. It could be fully mimicked by
other agents able to increase cAMP levels, i.e. receptor occupancy
was not necessary for the induction of expression, and its
dose-response curve was similar to that for other cAMP-
mediated gene expressions (UCP1 [5]) and for cAMP accumu-
lation itself [8].

Compared to the effect of adrenergic stimulation, the f,-
adrenergic receptor mRNA levels were augmented even more
rapidly, and to a larger extent, when the cells were treated with
the protein synthesis inhibitor cycloheximide. This may indicate
that a negative, short-lived proteinaceous factor regulates /-
adrenoreceptor gene expression. This could fit with the fact that
the #,-adrenoceptor gene has inhibitory elements in the promoter
region [34-36]. As anticipated from the cell culture studies, cold
exposure of mice led to a persistent increase in the f,-mRNA
levels in brown adipose tissue. This is probably due to the
chronic noradrenaline release occurring in the tissue under these
conditions. The prediction would be that this would also result in
an increased level of the f,-receptor. Indeed, in ligand binding
studies in which CGP-12177 was used as a ligand for £,-//,-
receptors [37], cold acclimatization was reported to lead to an
increase in the density of f,-/f,-receptors in brown adipose
tissue. Thus the observations on f,-gene expression in cell cultures
seem to correspond well to both tissue gene expression and final
receptor level.

p,-Adrenergic receptor gene expression

In the cultured primary brown adipocytes studied here, the j,-
adrenoceptor gene was not innately expressed, at least not to an
extent detectable in a Northern-blot (in contrast to what has
been reported in a brown-adipocyte-like cell line [20]). It was
only expressed very transiently after acute noradrenaline treat-
ment. The physiological significance of this transient expression
is not easily understood; it is unlikely that it would result in the
synthesis of a physiologically significant number of f,-receptors
and it may therefore presently be considered a regulatory
coincidence. That the expression is induced, not repressed, by
noradrenaline in these cells, is principally in accordance with
what is observed in the vas-deferens-like cell line DDT ,MF-2 [3§]
but in contrast to what is observed in the C6 glioma cell line [31].
Thus, the effect of adrenergic stimulation on f,-receptor gene
expression is apparently also cell-type specific.

The apparent absence of f,-gene expression and thus of
functional j,-receptors on the brown adipocytes is principally in
agreement with the absence of any reported f,-receptor-mediated
effects of noradrenaline in cultured primary brown adipocytes or
in isolated mature brown-fat cells (e.g. [39]) (a f,-effect has only
been reported in the brown-adipocyte-like cell line also reported
to innately express the f,-receptor [20]).

© 2000 Biochemical Society
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However, we observed f,-mRNA in intact brown adipose
tissue, and equilibrium binding studies with adrenergic ligands
have previously indicated that f,-receptors exist in the tissue
[40,41]. The absence of #,-mRNA in the brown adipocyte cultures
and the presence of f,-receptors in the tissue would therefore
imply that the f,-receptors observed in the tissue were
probably not localized to the parenchymal cells. Indeed, not only
the brown adipocytes, but also the blood vessels of the brown
adipose tissue, are intensely innervated from the sympathetic
nervous system. The blood vessels are specifically innervated by
sympathetic neurons which co-store neuropeptide Y [42]. Vaso-
constriction in the tissue is induced via «,-adrenoceptors and
vasodilation via g-receptors [43]. It is established in several blood
vessel systems that g,-receptors may be coupled to vasodilation
(e.g. [44]) and this may also be the case in brown adipose tissue.
Thus in brown adipose tissue, the expression of #,-receptors may
be restricted to the blood vessels.

p,-Adrenergic receptor gene expression

In agreement with our earlier observations [8,11], the /.-
adrenoceptor gene was well expressed in the mature mouse
brown adipocytes studied here, and noradrenaline addition led
to a rapid and absolute, although transient, cessation of gene
expression. This effect was mediated via both f,- and o -
adrenoceptors, probably mediated through cAMP and PKC,
respectively, and was not due to accelerated mRNA degradation.

That g-adrenergic stimulation leads to repression of f,-gene
expression has been established in several cell systems
[10,11,21,22] (but see [45]). This could be considered a typical
homologous desensitization process but it is only homologous in
that it is mediated via cAMP generated by the f,-receptor; no
receptor occupancy is needed. The potent o -induced repression
of f,-gene expression demonstrated here has not been observed
previously.

The significance of short-lived proteinaceous factor(s) for
f-adrenoceptor gene expression

In the brown adipocytes studied here, [ -expression was
augmented whereas the f,-expression was repressed as an effect
of protein synthesis inhibition. This implies that both genes are
under the control of short-lived proteinaceous factors. Notably
these are the same effects as those observed upon noradrenaline
addition. It may therefore be suggested that, for both genes, the
noradrenaline effects may be related to these putative pro-
teinaceous factors. Indeed, a unifying concept could be envisaged,
in which the expression of a [(brown-)adipocyte-]specific factor
would become innately induced at the moment of the differ-
entiation switch in these cells [8]. This factor would lead to
the induction of f,-gene transcription and may be related
to the inhibition of f,-gene transcription that occurs with time
[8]. Inhibition of the synthesis of this factor would, of course,
reverse the situation, and if noradrenaline did this, it would elicit
opposite effects on the expression of the two genes. Compelling
as such a unifying hypothesis/factor would be, a closer study
of the temporal kinetics of the effects of differentiation, of
noradrenaline and of cycloheximide on the expression of the two
genes reveals that the match is not perfect, and only continued
studies of g-receptor gene expression in these cells can reveal
whether such a factor exists. However, it is clear that the brown
adipocyte system is of principal interest in the elucidation of the
regulation of f-adrenoceptor gene expression, in that these are
one of only few cell types displaying the ability to entopically
express all three f-adrenergic receptors.
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