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ABSTRACT. Agonist-mediated regulation of b2-adrenoceptors in mononuclear leukocytes has been examined
at the protein but not at the mRNA level. In the present study, incubation of mononuclear leukocytes with the
b-agonist (2)-isoproterenol (1026 M) for up to 42 hr led to a maximum decrease in both b2-adrenoceptor
mRNA concentration and total receptor number of ca. 56 and 70%, respectively. The decrease in the mRNA
level, however, was slower than for the protein level. After 4 hr of incubation with the b-agonist, the protein
level decreased to a minimum of 65% of the initial amount, while an incubation of 8 hr was necessary to reach
a similar decrease in the level of mRNA (69% of the initial level). Measurements of mRNA stability revealed
a reduction in the half-life of b2-adrenoceptor mRNA from 2.7 to 1.1 hr following 4 hr of incubation with
(2)-isoproterenol. Our data clearly demonstrate that treatment of human mononuclear leukocytes with
(2)-isoproterenol induces a b2-adrenoceptor down-regulation together with a slower time course of mRNA
down-regulation which is partly due to a reduction of mRNA stability. BIOCHEM PHARMACOL 56;8:967–975,
1998. © 1998 Elsevier Science Inc.
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b-Adrenoceptors are members of a large family of trans-
membrane receptors that mediate their signal transduction
via G proteins. They play an important role in mediating
the effects of catecholamine release on the inotropic and
chronotropic actions of the heart.

The process by which cellular sensitivity to hormone and
neurotransmitter stimulation becomes attenuated over time
is called desensitization. Down-regulation of b-adrenocep-
tors is preceded by a desensitization of the adrenergic
system and is a slow process lasting several hours [1].
Down-regulation can be caused by an increase in receptor
degradation or reduced synthesis of the receptor [2]. The
underlying mechanisms, which are complex, have been
investigated for the b-adrenergic stimulation of the adeny-
lylcyclase system. Adenylylcyclase is an enzyme (EC
4.6.1.1) that converts ATP to the signal molecule cyclic
AMP, which acts as second messenger for a variety of
hormones, neurotransmitters, and drugs. For example, in
Chinese hamster fibroblast cells, the cyclic AMP analogue

dibutyryl cAMP induces a time-dependent down-regulation
of a number of b2-adrenoceptors. This down-regulation is
accompanied by a decline in the steady-state level of
b2-adrenoceptor mRNA [3]. Chronic stimulation with the
b-agonist (2)-isoproterenol results in a decrease in b-ad-
renoceptor number and mRNA in DDT1 MF-2 hamster
cells [1], S49 mouse lymphoma mutants [4], and rat lung
tissues [5]. In human, Bristow et al. [6] and Ungerer et al. [7]
have shown that heart failure caused a decrease in b1-
adrenoceptor protein and mRNA while b2-adrenoceptors
were unchanged. In both dilated and ischemic heart failure,
b-adrenergic receptor kinase mRNA levels were increased
almost 3-fold and its activity was enhanced. Agonist-
occupied b-adrenoceptors are uncoupled from Gs proteins
when they are phosphorylated by the b-adrenoceptor ki-
nase. Regulation of b-adrenoceptors has been investigated
in various systems including lymphocytes [8–10]. Changes
in the amount of b-adrenoceptor protein after exposure to
agonists are well known [9]. Nevertheless, few studies
examining the regulation of b-adrenoceptor mRNA in
combination with changes in receptor densities have been
published. This has been examined in CH-b2-hamster
fibroblasts [3], DDT1 MF-2 hamster cells [1], and S49
mouse lymphoma cells [4]. Studies of receptor density [11,
12] and mRNA [7] have been performed in human but
exclusively in patients with heart failure, which is related to
an increased level of catecholamines. These studies register
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only an end state of a long-lasting development. Mononu-
clear leukocytes that can be cultured provide a suitable
human model to examine changes in b-receptor and
mRNA due to agonist treatment.

Although the agonist-induced down-regulation of b2-
adrenoceptors in mononuclear leukocytes is well known, no
reports concerning the time course of mRNA regulation
during b2-adrenoceptor down-regulation and agonist treat-
ment exist. Furthermore, causes of down-regulation (either
reduced mRNA stability or reduced transcription rate) of
b2 mRNA are still controversial.

We demonstrate the time-dependent influence of agonist
treatment on human mononuclear leukocytes at both
receptor protein and mRNA levels and attempt to ascertain
causes of this regulation. To quantify the amounts of
b2-adrenoceptor mRNA, we used the competitive RT-
PCR.* This method offers higher sensitivity than Northern
blot analysis and permits molar quantification of low-
abundance mRNA species.

MATERIALS AND METHODS
Patients

Subjects were healthy blood donors that had not been
treated medically for at least 2 weeks. Five male subjects
were included. The average age of the five subjects was
26 6 4 years (N 5 5). In detail, their ages were 26, 24, 28,
32, and 21 years. Peripheral venous blood (500 mL) was
taken after 15 minutes’ bed rest. Anticoagulated blood
samples (1.6 mL of EDTA per mL blood) were centrifuged
and the buffy coat separated from the erythrocyte concen-
trate. The buffy coat contains a concentrated mononuclear
leukocyte suspension and thrombocytes.

Isolation and Culturing of Mononuclear Leukocytes

Mononuclear leukocytes were isolated according to the
protocol of Young and Steinman [13] from peripheral
venous blood. Cells were grown in suspension culture in
RPMI 1640 medium supplemented with 10% fetal bovine
serum (vol/vol), NaHCO3 (44 mM), glucose (5.5 mM),
glutamine (5 mM), nonessential amino acids (1%), sodium
pyruvate (1 mM), and gentamicin (35 mg/mL) in a humid-
ified atmosphere of 90% air and 10% CO2 at 37°. All
supplements were purchased from Life Technologies except
glutamine (Biochrom). The cell density was maintained at
106 cells/mL. (2)-Isoproterenol (Sigma) was added to a
final concentration of 1026 M. Isoproterenol was protected
from oxidation by addition of ascorbic acid in a final
concentration of 1024 M.

Radioligand Binding Assays

Washed mononuclear leukocytes were resuspended in Dul-
becco’s modified Eagle’s medium resulting in a cell density

of 2 3 106 cells per mL. Aliquots of 100 mL were used.
Binding assays were carried out with (2)-[125I]-iodocyan-
opindolol ((2)-[125I]CYP; 5–120 pM; 2000 Ci/mmol; Am-
ersham). Nonspecific binding and surface receptor number
were assessed using (2)-propranolol (1026 M) and the
hydrophilic ligand CGP-12177 (1026 M; Research Bio-
chemicals Inc.), respectively. The results were analyzed by
Scatchard plots [14]. Cell viability was monitored during
the course of these experiments using trypan blue (Sigma).

Extraction of RNA

Total RNA from mononuclear leukocytes was isolated by
binding to a silica-based membrane using a microspin
column technique according to the manufacturer’s protocol
(“RNeasy™”, Qiagen). Remaining traces of DNA were
digested in a final volume of 100 mL with 10 units of DNase
I (FPLCpure, Pharmacia) in a buffer containing 10 mM of
Tris-HCl, 10 mM of MgCl2, 50 mM of KCl and 10 mM of
dithiotreitol (DTT), pH 9.0 for 30 min at 37°. With an
additional clean-up procedure, DNase I-treated RNA was
recovered by adsorption on silica-based membranes as
described for the total RNA extraction procedure.

RNA was free of genomic DNA as shown by the absence
of a signal after PCR without reverse transcription. The
concentration of isolated RNA was determined at 260 nm
with a GeneQuant RNA/DNA Calculator (Pharmacia).

DNA Manipulation

Quantifying specific mRNA species in RT-PCR experi-
ments requires an internal standard RNA as competitor.
Therefore, an artificially synthesized DNA sequence of 216
bp [15] containing the sequences complementary to the
oligonucleotides used in the PCR (primer a: 59-CGCTTC
CATGTCCAGAACCTT-39 / primer b: 59-CTGTTCCA
CGTGATATCCACT-39) experiments was inserted into
the SmaI restriction site of the plasmid pGEM-4Z. This
plasmid allows in vitro transcription of inserts using the SP6
polymerase (Promega). Afterwards, a 338-bp TaqI fragment
retained from pBR328 was inserted into the single XhoI
restriction site of the 216-bp fragment resulting in plasmid
pVT1. This plasmid containing the internal standard se-
quence provides a PCR product of a different length (479
bp) compared to the target PCR product (396 bp).

To determine the optimal amplification conditions for
RT-PCR, we also cloned the corresponding b2-adrenocep-
tor partial cDNA. The 396-bp PCR product of the b2-ADR
mRNA resulting from a PCR amplification with the prim-
ers described above was cloned into pIC20H [16], resulting
in plasmid pNIC17. The pIC20H had been digested previ-
ously with EcoRV and incubated with Taq-polymerase
(1U/mg plasmid/20 mL volume) in the presence of 2 mM
dTTP for 2 hr at 70° [17]. The absence of any other
nucleotides in the reaction mixture resulted in the addition
of a single thymidine at the 39 end of each fragment. The* Abbreviation: RT-PCR, reverse transcriptase-polymerase chain reaction.
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insert of pNIC17 was removed by SacI and inserted into
pGEM-4Z giving plasmid pNIC21.

Transformations in Escherichia coli JM109 [18] and DH5a
[19] were performed according to Chung et al. [20]. Trans-
formants were grown at 37° in/on dYT liquid/solid medium
[21] supplemented with ampicillin (0.3 mM). Plasmid
DNA was isolated according to the protocol of Qiagen [22].

RNA transcripts of the internal standard sequence from
pVT1 and of the cloned partial cDNA from pNIC21 were
prepared as run-off transcripts after linearization of the
plasmids by in vitro transcription using a commercially
available kit (Riboprobe Gemini System II, Promega).
Subsequently, the DNA template was digested by adding 10
units of DNase I (FPLCpure, Pharmacia) to the reaction
mixture and incubated for 30 min at 37°. After ethanol
precipitation and two washing steps, the amount of internal
standard RNA was determined at 260 nm. Absence of
DNA was verified by PCR without reverse transcription
which resulted in no signal.

Competitive RT-PCR

Competitive RT-PCR, which shows the highest sensitivity
in comparison to all other known quantification techniques
[23], is used for quantification of low amounts of mRNA by
RT and PCR amplification together with known amounts
of competitor RNA. Using the internal standard RNA as
competitor and specific DNA primers which fit the target
b2-adrenoceptor as well as the competitor sequence, we
performed a modified procedure of the PCR aided transcript
titration assay (PATTY) described by Becker-André and
Hahlbrock [24]. Identical amounts of total cellular RNA
(approx. 200 ng) were reverse-transcribed and amplified by
PCR together with four different amounts of internal
standard RNA reactions.

Synthesis of cDNA was carried out in a volume of 20 mL
in a buffer containing 5 mM MgCl2 (Perkin Elmer), 50 mM
KCl (Perkin Elmer), 10 mM Tris–HCl, pH 8.3 (Perkin
Elmer), 1 mM dNTPs (Pharmacia), 2.5 mM random hex-
amers (Pharmacia), 20 U of RNase inhibitor (Perkin
Elmer), and 50 U of reverse transcriptase (SuperScript™
RNase H Reverse Transcriptase, Life Technologies). The
reaction mixture was incubated at 42° for 20 min and
thereafter at 99° for 5 min to inactivate enzymatic activity.
PCR was performed at final concentrations of 2.5 mM
MgCl2 (Perkin Elmer), 50 mM KCl (Perkin Elmer), 10 mM
Tris–HCl, pH 8.3 (Perkin Elmer), 0.2 mM dNTPs (Phar-
macia), and 1.25 U of AmpliTaq DNA-polymerase (Phar-
macia) in a total volume of 50 mL.

Ten mL of cDNA aliquots were subjected to PCR using
20 pM of each primer with a denaturation step of 5 min at
94° followed by 30 cycles of denaturation at 94° for 30 sec,
primer annealing at 62° for 1 min, and chain extension at
72° for 1 min. An aliquot of each PCR product was
electrophoresed on a 2% agarose gel, stained with 1 mg/mL
of ethidium bromide, and visualized by UV fluorescence.
The ethidium bromide staining patterns were photographed

on Polaroid 665 film and the intensities of the ethidium
bromide-stained PCR products were measured with a den-
sitometer (Hirschmann, Elscript 400). At the point of
equivalence, the molarity of internal standard and b2-
adrenoceptor PCR product were equal. Because the point of
equivalence is based on molar amounts of the target and
competitor products, the intensities associated with the
length of the standard signal were corrected by the factor
396/479 (target length/standard length). The point of
equivalence is obtained by regression analysis of the cor-
rected fluorescence intensities in a semilogarithmic diagram
[24].

b2-Adrenoceptor mRNA Stability

The half-life of b2-adrenoceptor mRNA was determined by
the method of Rodgers et al. [25]. Cells were exposed to
1026 M (2)-isoproterenol for 4 hr. Actinomycin D (Sig-
ma), an inhibitor of RNA polymerase II, was added to a
final concentration of 5 mg/mL to prevent further transcrip-
tion. Total RNA was isolated after 0.5, 1, 2, 3, and 4 hr.
The content of b2-adrenoceptor mRNA in total cellular
RNA was quantified by competitive RT-PCR. The results
were expressed as percentage of control and were plotted on
a logarithmic scale versus time. Points were connected
using a linear fit.

RESULTS
RT-PCR Optimization

To obtain reliable quantification data, the reverse tran-
scription and amplification efficiencies of the partial b2-
adrenoceptor and internal standard RNAs were compared
and RT-PCR conditions varied until amplification efficien-
cies of patient RNA and internal standard RNA were
equal. Therefore, run-off RNA from pNIC21 and the
internal standard RNA were reverse-transcribed and am-
plified in the same reaction under varying conditions. The
best amplification efficiency was obtained using an anneal-
ing temperature of 62°, 30 cycles, 2.5 mM MgCl2, and 0.3
mM of each primer. Furthermore, it could be shown that 30
cycles of PCR still represented the exponential phase of
amplification (data not shown).

The point of equivalence of the corrected UV fluores-
cence intensities of the PCR products (see Materials and
Methods) was determined after gel electrophoresis. The UV
fluorescence intensities were graphed as a function of the
logarithm of the amount of competitor RNA initially added
to the reaction (Fig. 1, a and b). The line of best fit was
obtained using linear regression analysis for each sample.
The RNA concentration at which the lines intersect
represents the initial amount of target RNA in the assay.

In 5 different experiments, the initial level of the
b2-adrenoceptor mRNA was determined as 1.58 6 0.14 3
108 molecules per mg total RNA, which is equal to 200 6
18 pg b2-adrenoceptor mRNA per mg total RNA. The
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FIG. 1. Example of a competitive RT-PCR for quantification of b2-adrenoceptor mRNA. Two hundred ng total RNA was subjected
to RT-PCR together with 2.1 pg, 31 pg, 856 pg, and 4.1 ng internal standard RNA. Target (RNA of patients) and competitor RNA
were reverse-transcribed and amplified resulting in two PCR products of different lengths (competitor: 479 bp / target: 396 bp). (a)
Separation of PCR products by 2% agarose gel electrophoresis. Lanes 1 and 6 show the molecular weight marker (1 kb DNA ladder,
Life Technologies). Lanes 2 to 5 represent an aliquot of the four PCR assays. (b) Evaluation of the fluorescence intensities.
Fluorescence intensities of target (■) and internal standard (E) were graphed against the logarithm of the amount (in pg) of internal
standard RNA. The lines were drawn from a linear regression analysis of the data points. The RNA concentration at which the lines
intersect (point of equivalence; the number of molecules of target and competitor are equal) represents the target RNA that was initially
present in the assay. In five independent RT-PCR experiments using the same total RNA preparation, we determined the
b2-adrenoceptor mRNA to be 200 6 18 pg, i.e 1.58 6 0.14 3 108 molecules per mg of total RNA.
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coefficient of variation of five independent PCR reactions
using the same total RNA preparation was 13%.

Effect of (2)-Isoproterenol Treatment on
b2-Adrenoceptor Protein and mRNA Amount

Saturation binding analysis of mononuclear leukocyte re-
ceptors with (2)-[125I]-iodocyanopindolol revealed a b-ad-
renoceptor density of 2210 6 225 binding sites per cell and
a dissociation constant of 15.7 6 1.6 pM. Cell viability was
monitored during the course of these experiments and
revealed a cell viability of 92–96%. Scatchard transforma-
tion of the data showed that (2)-[125I]-iodocyanopindolol
was bound to a homologous class of binding sites as inferred
from the linearity of the Scatchard plot. Under basal
conditions, the number of surface receptors was determined
to be 90% of the total receptor number.

Figure 2 shows the results of total receptor number (A),
surface receptor number (B), and mRNA amount (C) in
control and (2)-isoproterenol-treated (1026 M) mononu-
clear leukocytes. Treatment of mononuclear leukocytes
with vehicle (control) led to a parallel and continuous
decrease in total receptor number (Fig. 2A) as well as
b2-adrenoceptor mRNA (Fig. 2C), but the number of
surface receptors (Fig. 2B) decreased to a lower level.
Within 8 hr, the number of total receptors per cell declined
to 84 6 10% and the mRNA amount decreased to 74 6
11% of the initial amount. The number of surface receptors
plunged rapidly in the period between 0 and 4 hr following
treatment with vehicle, then stayed constant between 4
and 8 hr, reaching a final level of 55 6 7% of the basal
number at the end of the incubation time of 8 hr. The
levels of total receptor number varied only slightly, while
the surface receptor numbers and mRNA amounts did not
change between 8 and 42 hr of incubation.

Treatment of mononuclear leukocytes with 1026 M
(2)-isoproterenol for 4 hr led to a decrease in total receptor
number to 51 6 5%, in surface receptor number to 37 6
6%, and in mRNA amount to 73 6 7% of the basal
amounts (Fig. 3A–C). The number of total receptors stayed
constant in the time period from 4 to 12 hr and continu-
ously decreased to 16 6 6% of the basal amount by the end
of the incubation time of 42 hr. Surface receptor number
did not change in the incubation period between 4 and 16
hr; this was followed by a period of continuous decrease,
reaching a level of 16 6 7% of the basal receptor number
after 42 hr of incubation. The b2-adrenoceptor mRNA
decreased to 44 6 7% of the basal mRNA amount during
the first 8 hr of incubation but then did not change
between 8 and 42 hr.

Figure 3 shows the results following (2)-isoproterenol
treatment. These data result purely from (2)-isoproterenol
incubation because the vehicle effect has already been
subtracted. Between 0 and 4 hr, the total receptor number
declined, reaching 65 6 10% of the initial number.
Between 4 and 24 hr, the number of receptors decreased
slightly, followed by a phase from 24 to 42 hr where the

total receptor number stayed almost constant (Fig. 3). After
4 hr of incubation with (2)-isoproterenol, the level of
b2-adrenoceptor mRNA remained at 88 6 12% of the
initial amount. This indicated a lower rate of change in
mRNA levels compared to the rapid decrease in total
receptor number during the same time period of 0 to 4 hr
following treatment. By 8 hr, however, the mRNA level
had dropped to 69 6 11% of the initial amount, similar to
the remaining percentage of total receptor number (66 6
5%) at this time. (Fig. 3).

mRNA Stability

In order to investigate the role of post-translational regu-
lation in this phenomenon, the stability of b2-adrenoceptor
mRNA with or without (2)-isoproterenol treatment of
mononuclear leukocytes was assessed. After a lag phase of
30 min, the mRNA amount in isoproterenol-treated cells
declined more rapidly than in control cells. Half-life mea-
surements of b2-adrenoceptor mRNA after a preincubation
period of 4 hr with and without (2)-isoproterenol showed
that (2)-isoproterenol treatment reduced the b2-adreno-
ceptor mRNA half-life from 2.7 hr to 1.1 hr (Fig. 4).

DISCUSSION

The basal number of b2-adrenoceptors in human mononu-
clear leukocytes, the percentage of surface receptors, and
the dissociation constant reported in this work are consis-
tent with the values found by others [26, 27]. The basal
b2-adrenoceptor mRNA level was 200 6 18 pg, i.e. 1.58 6
0.14 3 108 molecules per mg total RNA. Using in situ
hybridization, Liebl et al. [28] detected 1290 b2-adrenocep-
tor mRNA molecules per cell in human mononuclear
leukocytes. Assuming a total RNA amount of 30 to 500 mg
per 107 mammalian cells, this corresponds to 2.6 3 107 to
4.3 3 108 molecules per mg total RNA, i.e. to values
consistent with those reported here.

Treatment with (2)-isoproterenol led to a rapid decrease
in total cellular receptors. A reduction of 30% within 3 hr
and a further reduction of approximately 80% within 24 hr
of incubation with the same agonist have also been ob-
served in Chinese hamster fibroblast cells expressing wild-
type human b2-adrenoceptors [3]. As expected, (2)-isopro-
terenol treatment caused an immediate and more effective
decrease in surface receptor number in comparison to total
receptor number. This may be due to the nonphysiological
environment of the mononuclear leukocytes in culture.
The reduction in surface receptor number may be a result of
the well-known internalization process [29]. It must be
noted, however, that vehicle treatment had a greater effect
on surface receptor number than on total receptor number.
This meant that the actual reduction in surface receptor
number was less than that of the total receptor number
following (2)-isoproterenol treatment. The decreases in
mRNA level and total receptor number were significantly
correlated (Passing–Bablok regression, y 5 11.9 3 2333.3;
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FIG. 2. Effect of (2)-isoproterenol
treatment on total b2-adrenoceptor
protein and mRNA amounts. Mono-
nuclear leukocytes were incubated
with vehicle (control, ■) and 1026 M
(2)-isoproterenol (E) for the indi-
cated times, harvested, and subjected
to saturation binding analysis of (2)-
[125I]-iodocyanopindolol and to RNA
isolation for further quantification
analysis by RT-PCR. (A) Total recep-
tor number. Data are the results of
saturation binding assays using (2)-
propranolol (1026 M) to determine
nonspecific binding in untreated (con-
trol) and isoproterenol-treated mono-
nuclear leukocytes. The data for total
receptor protein given as total receptor
number per cell are displayed as the
means 6 SEM of three separate exper-
iments each performed in duplicate.
(B) Surface receptor number. Surface
receptor number as assessed using the
hydrophilic ligand CGP-12177 (1026

M). The data for surface receptor pro-
tein given as surface receptor number
per cell are displayed as the means 6
SEM of three separate experiments
each performed in duplicate. (C)
mRNA amount. The values of b2-
adrenoceptor mRNA were determined
using RT-PCR, including an internal
standard for quantitation. The values
are given in pg per mg total RNA and
represent the means 6 SEM of two
separate experiments each performed
in duplicate.
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r 5 0.85; P , 0.001). This is reminiscent of the situation
in S49 lymphoma cells [4]. Moreover, receptor number
down-regulation caused by isoproterenol preceded the de-
crease in mRNA concentration, as observed in DDT1 MF-2
hamster cells [1]. Hence, the decreased receptor density
might be due firstly to internalization followed by receptor
degradation and secondly to reduced mRNA level leading
to reduction of receptor translation. In contrast, in Chinese
hamster fibroblast cells treated with the cyclic AMP ana-
logue dibutyryl cAMP [3] and in H9c2 rat heart cells
treated with isoproterenol [30], the decrease in mRNA
level clearly occurred before the reduction in b2-adreno-
ceptor number. In the first case, dibutyryl cAMP did not
cause internalization of receptors and the down-regulation
was caused by increased receptor phosphorylation and
reduced mRNA concentration [3].

Reports from the clinical investigation of patients with
heart failure, a condition involving increased catechol-
amine levels, are controversial with regard to b-adrenocep-
tor number and mRNA level. Bristow et al. [6], Engelhardt
et al. [31], and Ungerer et al. [7] found no difference in the
amount of b2-adrenoceptor protein and mRNA between
failing and nonfailing human ventricular myocardium.
Conversely, Borst et al. [32] showed that a chronically
increased catecholamine level in heart failure was corre-
lated with a reduction in b2-adrenoceptor number and
mRNA amount in the myocard. Brodde et al. [33] and
Steinfath et al. [34] demonstrated that b2-adrenoceptors
decreased in ischemic cardiomyopathy and mitral valve

FIG. 3. Effect of (2)-isoproterenol treatment on total b2-adrenoceptor protein and RNA amounts. Mononuclear leukocytes were
incubated with vehicle (untreated) and 1026 M (2)-isoproterenol (treated) for the indicated times, harvested, and subjected to
saturation-binding analysis of (2)-[125I]-iodocyanopindolol and to RNA isolation for further quantification analysis by RT-PCR. Data
shown represent only the effect of (2)-isoproterenol incubation, since the vehicle effect has been subtracted. The values of
b2-adrenoceptor mRNA (■) are given in pg per mg total RNA and represent the means 6 SEM of two separate experiments each
performed in duplicate. The data for receptor protein (E) given as total receptor number per cell are displayed as the means 6 SEM
of three separate experiments each performed in duplicate.

FIG. 4. Reduction of b2-mRNA stability in response to isopro-
terenol. Cells were preincubated with vehicle (untreated, ■) or
1026 M (2)-isoproterenol (treated, E) for 4 hr. They were
harvested at the indicated times (0.5, 1, 2, 3, and 4 hr) after
addition of actinomycin D (5 mg/mL). The results are expressed
as percentage of control and are plotted on a logarithmic scale
versus time. The half-life of b2-adrenoceptor mRNA was
derived from the slope of the line. Treatment with (2)-
isoproterenol reduced the initial half-life of b2-adrenoceptor
mRNA from 2.7 to 1.1 hr. The results ([%] of control, t 5 0;
mean 6 SEM) represent the means of two separate experiments
each performed in triplicate.
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disease but not in idiopathic dilated cardiomyopathy, where
the b2-adrenoceptor function appeared to be reduced.
Phosphorylation of adrenoceptors may also be associated
with desensitization since b-adrenergic receptor kinase
activity and mRNA level are markedly increased in heart
failure [35]. Finally, Ratge et al. [36] and Smiley et al. [37]
have reported that cardiac surgery results in significant
down-regulation and desensitization of the b2-adrenoceptor
system of lymphocytes that may parallel alterations in other
organs.

The process of mRNA down-regulation may be com-
posed of a lowered transcription rate as well as a reduced
mRNA stability. We have found a reduction in the mRNA
half-life after (2)-isoproterenol treatment that may par-
tially explain the receptor down-regulation. In DDT1 MF-2
hamster vas deferens cells, a reduction in the half-life of
receptor mRNA after (2)-isoproterenol treatment was
involved in a similar mRNA decrease, but the translation
rate was unaffected [38]. Conversely, the transcription rate
of the b2-receptor gene was altered, but the mRNA stability
was unchanged in rat glioma cells after treatment with the
same agonist [39]. The b2-adrenoceptor gene is subject to
transcriptional regulation from a variety of inputs including
cyclic AMP [40–42]. The role of the transcription rate in
b2-adrenoceptor down-regulation in our system remains to
be investigated. Nevertheless, in human mononuclear leu-
kocytes, as in other cell types [43], the mRNA level is likely
to be one of the most important points of control for
agonist-induced receptor down-regulation.

We thank the Robert-Bosch-Foundation, Stuttgart, Germany for
financial support of the present work. We are grateful to Kimberley
Sweeney for her help in preparing the manuscript.
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