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Frangois NantelS9, Stefan0Marullollll, Sthphane Kriefll**,A. Donny Strosbergn, and Michel Bouvier*$4 From the SDdpartement de Biochimie et Groupe de Recherche sur le Systkme Nerveur Autonome, Universitd de Montrdal, Montrkal, Qudbec, H3C 357 Canada and the ICNRS-UPR 0415 and Universitd Paris VZZ, Znstitut Cochin de Gt?ndtique Moldculaire, 22 rue Mdchain, F-75014 Paris, France



Previous studies have shown that &-adrenergic reescape complete desensitization, as shown by the pathological ceptors, in contrast to the PI and & subtypes, do not consequences of chronic autoimmune thyrotropin receptor acundergo desensitization following short term activation tivation in Graves-Basedow disease (1)and during sustained (minutes) with agonists. Longer activation (hours) has adrenergic receptor activation by catecholamines in pheochrobeen shown to induce desensitization of the &-adrenermocytomas (2). gic receptor in some, but not all, cases, suggesting that Several molecular mechanisms involved in receptor desensicell- or species-specific mechanismsmay be involved. tization have been well characterized for the &adrenergic reWe investigated the contribution of the cell type to the ceptor (P&R)’ (3).After a few minutes of receptor activationby agonists, phosphorylation of &AR by CAMP-dependent protein pattern of P,-adrenergic receptor long term desensitizakinase (protein kinase A) and p-adrenergicreceptor kinase tion by studying, in parallel, two cell lines (Chinese hamster fibroblasts and murine Ltk- cells) expressing the ( P A R kinase) results in the rapid uncoupling of the receptor human P,-adrenergic receptor. from the transducing pathway (3-6). Phosphorylation by proSustained agonist-promoted down-regulation of the tein kinase A is a negative feedback of receptor activation, mediated by the rise in intracellular CAMP,which affects all P,-adrenergic receptor could be induced in Ltk- cells, whereas only a transient and weak reductionof recep- P$R present, whereas P A R kinase phosphorylates only those tornumberwasobservedinChinesehamsterfibroreceptors that areoccupied by agonist (7). When receptor actiblasts. The half-life of the P,-adrenergic receptor was vation is sustained for longer periods of time (hours), protein not affected by the agonist activation in either cell line, degradation of preexisting receptors and destabilization of the indicating that in contrast to the &-adrenergic receptor, receptor mRNA contribute to a reduction in the number of degradation of preexisting receptor protein does not P & R present at the cell surface (i.e. receptor down-regulation) contribute to down-regulation. Sustained reduction of (8-11). receptor RNA levels, monitored by reverse transcriptase It has been shown that the three P A R subtypes are not polymerase chain reaction, was exclusively shown in equally sensitiveto desensitization. The PI-adrenergic receptor, Ltk- cells and probably accounted for most of the obwhich has fewer potential phosphorylation sites and lacks the served down-regulation. Differences in the ability of the 2 tyrosine residues implicated in the down-regulation of the receptor to stimulate adenylyl cyclase activity in the &AR (12), is less prone than the P&R to both short term (13) two cell lines may be responsible for the distinct patand long term (14) desensitization.The thirdPAR subtype (151, terns of &-adrenergic receptor down-regulation. & A R , is almost completely resistant to short term desensitization (16-18). This has been shown to resultprimarily from the lack of protein kinase A and P A R kinase phosphorylation sites Desensitization is a complex physiological process that pre- in the structure of the P3 subtype (17,181. Since the &AR might vents the hormonal overload of most G protein-coupled recep- represent a target for antiobesity adrenergic agonists (19-22), tors by impairing thesignal transmission pathway at receptor it is important to determine whether or not this receptor unand/or postreceptorlevels. An important clinical consequence of dergoes long term desensitization. This issue has been addesensitization is the relative or complete resistance to phar- dressed by several groups using different approaches and/or macological agonists, which occurs when these drugs aregiven experimental models. In rat white and brown adipose tissues, for a n extended period of time. Such a desensitization process agonist treatment induced a reduction in both &AR binding can be observed in most tissues. However, some tissues may sites (23) and mRNAlevels (23,24). On the other hand, studies performed in murine 3T3-F442 cells (25) and in hamsteradi* This work was supported, in part, by grants from the Medical Re- pocytes (26),both expressingendogenous P f l , and in hamster search Council of Canada, the Canadian Heart and Strokes Founda- C H W cells expressing the humanp f l (18), showed an almost tions, the CNRS, the Universit6 de Pans VII, the Bristol MyersSquibb complete resistance tolong term desensitization. We have charCompany, the NATO International Scientific Exchange Program, the acterized the agonist-induced down-regulation of the human Cooperation program FRSWSERM, and the Ministere des Affaires Internationales du QuBbec. Thecosts of publication of this article were p f l in two heterologous expression systems, one established defrayed in part by the payment of page charges. This article must from hamster (fibroblast CHW cells), and the otherfrom mice therefore be herebymarked “advertisement”inaccordance with 18 (L cells), and we suggest that these contradictory observations U.S.C. Section 1734 solely t o indicate this fact. 5 Supported by studentships from the Canadian Heart and Strokes could be explained by cell-specific differences. Foundation and the Fonds pourla Formation de Chercheurs et l’Aide a la Recherche du Qu6bec. 1) To whom correspondence should be addressed. ”el.: 331-40-51-64-34; The abbreviations usedare: PAR, p-adrenergic receptor;CHW, ChiFax: 331-40-51-72-10. [12611CYP, [12611iodo** Present address: CNRSUPR 8221, Institut de Biologie Struc- nese hamster fibroblasts;L cells, murine Ltk- cells; cyanopindolol;Bt,cAMP,dibutyrylcyclic AMP PBS, phosphate-buffturale, 205 route de Narbonne, 31077 l’bulouse Cedex, France. ered saline; PCR, polymerase chain reaction. $$ Scholar from the Medical Research Councilof Canada.
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RNA Purification-Total RNA was prepared as described previously (21, 29) from 1.0 to 2.5 x lo6 cells. TotalRNA samples were treated for Materials-['251]CYF', [CX-~~PIATP, C3H1cAMP and were from DuPont 15 min at 37 "Cwith 0.3 unit of RNase-free DNaseVpg of RNAin 40 m~ NEN. Isoproterenol, (-)-alprenolol, ATP, GTP, CAMP, bovine serum al- Tris-HCl (pH 7.9), 6 m~ MgCl,, 10 m~ NaCI, and 2 unitdpl placenta bumin, phosphoenolpyruvate, myokinase, cycloheximide, Bt,cAMP, RNase inhibitor. The samples were then purified by phenoUchlorofom 8-bromo-cAMP, and forskolin were from Sigma. Pyruvate kinase was extraction and ethanol precipitation. The concentration and purity of from Calbiochem. Moloney murine leukemia virus reverse tran- RNA were evaluated by spectrophotometry at 260 and 280 ILM and by scriptase, Dulbecco's modified Eagle's medium, PBS, trypsin-EDTA, ge- the densitometric quantitation of the 28 and 18 S RNA separated by neticin (G418), penicillin,streptomycin, and Fungizone were from Life electrophoresis on a 1%agarose gel. Technologies, Inc. The fetal bovine serum was purchased either from Quantitatiue Reverse Danscriptase PCR of pz- and P@ RNA-The Life Technologies, Inc. or from Immunocorp;the horse serum was from quantitative reverse transcriptase PCR assay used in this study is a Life Technologies, Inc. RNase-free DNase I, placenta RNase inhibitor, modification, describedin Ref. 30, of the procedure reported by Beckerand restriction enzymes were from Promega, and Taq DNA polymerase And& et al. (31). Briefly, unique BamHI restriction sites were created was from Perkin-Elmer Corp. by PCR site-directed mutagenesis within a region of the human pz-and Cell Culture-The coding and the 3"untranslated regions of human p,AR genes comprised between specific PCR primers. Mutated DNA p&R cDNA and human p@ genomicDNA werecloned into the werecloned into transcription vectors, and corresponding RNA was pBC12BI plasmid, resulting in an expression vector in which transcrip- synthesized using a RNA transcription kit (Promega). The concentration of the receptors is under the control of the Roux sarcoma virus long tion of mutant transcripts was measured by spectrophotometry at 260 terminal repeat promoter. These constructs were transfected into either and 280 nm. Fixed amounts of total cellular RNA (10C700 ng) were hamster CHW cells (CHW-p&R and CHW-P$R) or murine L cells mixed with increasing amounts (102-106 molecules) of mutant p2- or (L-p&Rand L-p3AR)as described previously(4, 17). Cells were grown p,AR RNA transcripts. RNA was treated with 100 units ofMoloney in 25- or 75-cm' Coming flasks at 37 "C in an atmosphere of 95%air, 5% murine leukemia virus reverse transcriptase in a 10-4 total volume of CO,. The cell culture medium consisted in Dulbecco's modified Eagle's T2 buffer(67 m~ Tris-HC1(pH 8.4),6.7 rnMgCl,, 0.1 mg/ml gelatin, 6.7 medium supplemented with 10% (v/v)fetal bovine serum, 100 unitdml rn EDTA, 10 m~ p-mercaptoethanol, 16 m~ (NH,),SO,) supplemented penicillin, 100 pg/ml streptomycin, 0.25 pg/ml Fungizone, and 1 m~ with 2 units of placenta RNase inhibitor, for 30 min at 37 "C. The glutamine. 150 or 450 pg/ml geneticin was added to the medium for enzyme was then inactivated by heating at 94 "C for 5 min. In controls, CHW or L cell clones, respectively. reverse transcriptase was omitted to ensure that the subsequent PCR Whole CellRadioligand Binding Assays-Near confluent cells, grown amplification did not result from contaminating genomic DNA. 40pl of in monolayers, were washed twice with PBS, incubated for 5 min at PCR buffer (10m~ Tris-HC1(pH 8.3), 50 m~ KC1,O.l mg/ml gelatin, and room temperature with 1 ml of 2% trypsin/EDTA, and resuspended in 1.5 rn MgC1, final concentrations) containing a 25 m~ concentration of 10 ml of Dulbecco's modified Eagle's medium supplemented with 10% each dNTP, either 5% or 10% dimethyl sulfoxide formamide (v/v)horse serum. After a centrifugation at 450 x g for 5 min at 4 "C, the ( p a ) , 25 1.1~specific sense and antisense oligonucleotides, and 2.5 cell pellet was washed in 10 ml of the same medium, and then thecells units of llzq DNApolymerase was added to each sample. The cDNAwas were resuspended in 4 ml of ice-cold PBS. To ensure that the trypsin denatured for 2 min at 94 "C, and amplification was achieved by 35 treatment did not affect the number of receptors, in some experiments or 29 cycles (p,AR) (94 "C, 15 s; 60 "C, 30 s; 72 "C, 30s) followed cells were harvested mechanically; cells were washedthree times with by a 3-min final extension at 72 "C in a Perkin-Elmer GeneAmp PCR ice-cold PBS and gently scraped in 5 ml of PBS. Viability of the cells, System 9600.5 plof the PCR products was added to 4 PI of PCR buffer following this procedure, was estimated to 70% by trypan blue exclu- containing 4-6 units of BamHI and incubated for 1h at 37 "C. 1pl of 10 sion. The cell suspension was centrifuged at 450 x g for 5 min at 4 "C x loading buffer (0.4% bromphenol blue, 50% glycerol, 1% sodium doand the pellet resuspended in 4 ml of ice-cold PBS. When necessary, decyl sulfate) was added to each tube, and samples were heated 10 min 1-ml aliquots of cell suspensions were used for RNA purification (see at 65 "C, loaded on a 2% agarose gel, and subjected to electrophoresis. below). In binding assays, 150 pl of cell suspension (-50 pg of protein) The following sense and antisense oligonucleotides were usedto amwas incubated in the presence of either 250 or 1,000PM['2511CYP(for p2- plify the p@ gene fragment: 5 ' - G C C T G C T G A C C A C and Pa-expressing cells, respectively)in theabsence or presence of 10 3', and 5'-CCCATCCTGCTCCACCT-3'. For the p&R gene amplificaw (-)-alprenolo1(to define nonspecificbinding) as described previously tion, the corresponding oligonucleotides were: 5"ATGGCTCC(17). The binding assay was conducted for 90 min at 25 "C in a final GTGGCCTCAC-3' and 5'-CCCAACGGCCAGTGGCCAGTCAGCG-3'. volume of 500 pl of PBS supplemented with 50 pg/ml bovine serum The size of amplified fragments was 329 and 317 base pairs, respecalbumin. The reaction was terminated by a rapid filtration through tively. Followingdigestion with BamHI, the p&R standard was cleaved Whatman GFIC glass fiber filters previously soakedfor 30 minin 25 m~ into 162- and 167-base pair fragments, and the p a standard was Tris (pH 7.4), 0.3% polyethyleneimine(to reduce nonspecificbinding). cleaved into 157- and 160-basepair fragments. Thus, mixing increasing Protein concentrations were determined by the method of Bradford amounts of standard mutant RNA with fixed amounts of total cellular (27) using the Bio-Rad protein assay system. Bovine serum albumin RNA resulted in the progressive increase of the cleaved PCR product was used as standard, and the cell suspensions were homogenized with (twofragments with close electrophoreticmobility, corresponding tothe a Polytron homogenizer for 5 s at maximal setting before protein de- standard) and in the parallel decrease of the uncleaved PCR product termination. (corresponding to wild type P A R RNA). The relative fluorescence of Receptor Half-life Determination-Confluent CHW or L cells, grown cleaved and uncleaved PCR products was evaluated by densitometry. in 25-cm2flasks, were treated with 1 or 5 ng/ml cycloheximide, respec- The logarithm of standard mutant over wild type DNA signals was tively, in the presence or absence of 10 p~ isoproterenol. A lower con- plotted as a function of the logarithm of the amount of standard RNA centration of cycloheximide was used with the CHW because of its template present in each tube. This function was linear, and theamount lethal effects at 5 ng/ml. Some experiments were carried out in the L of unknown wild type P A R RNA present in each sample could be calcells using 1 ng/ml cycloheximide, and the results obtained were not culated from the equation of the curve. different from those obtained using 5 ng/ml cycloheximide (data not Membrane Preparation and Adenylyl Cyclase Assays-Nearly conflushown). Following the treatments,cells were washed twice with ice-cold ent cells, grown to near confluence in 75-cm2flasks, were washed twice PBS, and whole cell radioligand binding assays were carried out as with ice-cold PBS,detached mechanically, and resuspended in 10 ml of described above. The data were fitted using a nonlinear least squares 5 m~ Tris, 2 m~ EDTA (pH 7.4). Cell suspensions were then homoregression analysis with the computer program SIGMA PLOT5.0. The genized with a Polytron homogenizer (Janke and Undel Ultra-Turrax equation used for the fit was a modification of the one-compartment T25) for 5 s at maximal setting. The lysate was centrifuged at 500 x g metabolic turnover equation (28) as follows, for 5 min at 4 "C (to eliminate the nucleus and unbroken cells). The q(t)= q(tJ + q(t = 0)e"R'L (Eq. 1) supernatant was centrifuged at 43,000 x g for 20 min at 4 "C, and the pellet was resuspended in 10 ml of5 rn Tris, 2 m~ EDTA(pH 7.4). After where t is the time of incubation (in hours), R is the rate of receptor an additional centrihgation at 43,000 x g for 20 minat 4 "C the pelleted degradation, and q represents the number of receptors (in percent of membranes were resuspended in 75 rn Tris (pH 7.4), 5 rn MgCI,, 2 rn control). q(t = 0) is usually close to loo%, and, for the CHW-pfl, EDTA. CHW-p&R, and Lp@ cell lines, the curves were best fit assuming Adenylyl cyclase activity was measured by the method of Salomon et q(tJ = 0. For the data obtained from the L-p# cells, the curve was al. (32).Briefly, 0.02 mlof membrane preparation (243 pg of protein), 45 poorly fit when q ( t J was fixed at 0. Therefore, the parameter q(t,,) rn Tris (pH 7.4), 3 m~ MgCl,, 1.2 m~ EDTA, 0.12 rn ATP, 0.053 rn was allowed to float. The half-life of the receptors was estimated as t GTP, 0.1 m~ CAMP, 0.1 m~ isobutylmethylxanthine, 1pCi of [cz-~~PIATP, where q ( t ) = 50%. 2.8 m~ phosphoenolpyruvate,0.2 unit of pyruvate kinase, and 1unit of EXPERIMENTALPROCEDURES
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TABLE I @Adrenergicreceptor and RNA number Receptor number was determined by whole cell radioligand binding assays using ['2611CYPas ligand. Receptor RNA levels were quantified by reverse transcriptase PCR as described under "Experimental Procedures." Cell line
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FIG.1. Isoproterenol-induced down-regulation of CHW (top) andL cells (bottom) expressing the p# (left) or the /3&R (right)
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FIG.2. /3@and /3&R half-life determination. CHW (top) andL cells (bottom), expressing the &AR (left) or the p,AR (right) were incubated with the protein synthesis inhibitor cycloheximide (at 1 or 5 nglml for CHW or L cells, respectively) in the absence (0) or presence ( 0 )of 10 p~ isoproterenol for 0-24 h at 37 "C. Whole cell P A R number was determined by radioligand binding assay using [12sIlCYPas ligand. The number of receptors is expressed as thepercent of ['2sIlCYPbinding sites present in untreated cells. Data are the mean f S.E. of three or four experiments performed in triplicate. Histograms in theinsets represent estimated receptor half-lives, expressed in hours, in cells treated with cycloheximide (openbars, C ) or with cycloheximide and isoproterenol (filled bars, C+Z). differences between curves in the half-life experiments were assessed using an F test with the sumof squares from the nonlinear regression analysis of the nontransformed data. Differences were considered statistically significant when p < 0.05. RESULTS



CHW and L cells, expressing no detectable level of PAR, were were incubated with 10 p~ isoproterenol for 0-24 h at 37 "C. Whole cell transfected with either the human &AR cDNA or the human P A R number was determined by radioligand binding assay using P,AR gene (15, 17) under thecontrol of the viralRoux sarcoma 112511CYPas ligand. The number of receptors is expressed as thepercent virus long terminal repeat promoter. Clones expressing equiof the number present in untreated cells. Data are themean f S.E. of valent levels of receptors (100-400 fmollmg protein, Table I) five to nine determinations done in triplicate. * p < 0.05. were used throughout this study. Effect of Isoproterenol Stimulation on &- and p&R Densitymyokinase were mixed in a final volume of 50 pl. Enzymatic activity was determined in thepresence of 0-100 p~ isoproterenol for 15 min at Incubation of both CHW-&AR and L - P G cells with the p-ad37 "C. The reactions were terminated by the addition of 1ml of ice-cold renergic agonist isoproterenol ledto a similar, time-dependent, stop solution containing 0.4 m~ ATP, 0.3 m~ CAMP, and -25,000 cpm reduction of the total number of ['2sIlCYPbinding sites (Fig. 1). L3H1cAMP. CAMP was then isolated by sequential chromatography on a After a 24-h incubation, more than 80% of binding sites were Dowex cation exchange resin and aluminum oxide. of P,AR down-regulation depended Determination of Intracellular CAMP Leue1s"CHW and L cells, lost. In contrast, the pattern grown to near confluence in 75-cm2flasks, were exposed for 1h to 10 1.1~ on cell type. In CHW-p,AR cells, isoproterenol stimulation inisoproterenol at 37 "C. The cells were washed twice with ice-cold PBS duced only a modest and transient reduction of total receptor and resuspended in 6 (CHW) or 1.5 (L cells) ml of ice-cold 50 m~ Tris number. A 25% down-regulation was indeed observed after 6 h (pH 7.4), 5 m~ EDTA. A 1-ml aliquot was boiled for 3 min and centriof incubation, but the numberof receptors returned to 99% of fuged in a microcentrifuge a t maximum speed for 5 min. The supemaafter 24 h. On the other hand,isoproterenol induced a control tant was used for CAMP determination using a [3HlcAMP radioimmutime-dependent down-regulation of the in L cells. Alnoassay system (Amersham Corp.). Statistical Analysis-Differences between data were evaluated using though slower, this down-regulation wasvery similar to the one observed in the P&R-expressing cells. the Dunnet t test with the computer program PRIMER. Statistical
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Competitor RNA NUMBER (x 10’) FIG. 3. Quantitationof & and &AR RNA by reverse transcriptase P C R The upperpanel shows the products of the reverse transcriptase PCR separated by agarose-gel electrophoresis and stained by ethidium bromide; DNA fragments were amplified from CHW-pm (lanes 1 4 ) ,



CHW-p@ (lanes 5-8), Lpm (lanes 9-12), and Lp,AR cells (lanes 13-16), Total cellular RNA was submitted to reverse transcription and amplified in the presence of indicated amounts of competitor p2or p$R RNA transcripts possessing a unique BamHI restriction site. Digestion of the PCR product withBamHI cleaves the competitor in two superposing fragments(lower band) without affectingthe DNA amplified from the wild type RNA (upper band). Densitometric measurement were obtained by computer-assisted image analysis of the gels. The lower panel represents the ratio of competitor/wild type DNA signals as a function of the amount of competitor RNA.



Half-life of pARs in Cells Activated or Not by IsoproterenolMultiple mechanisms participate in receptor down-regulation. P&R already present at themembrane undergoes active degradation upon prolonged activation by the agonist (8-10, 33, 34). We investigated whether distinctisoproterenol-dependent modification of receptor half-life could explain the different patterns of P,AR down-regulation observed in thetwo cell lines. To determine receptor half-lives, protein synthesis was blocked in CHW and L cells with cycloheximide, in theabsence or presence of isoproterenol. In both cell types, the number of Pz- and P&R decreased progressively in the presence of cycloheximide (Fig.2). These receptor decay curves were best fitted to the one- compartment metabolic turnover equation as described under “Experimental Procedures.” Half-lives of receptors were estimated as the timeat which the numberof receptors reached 50% of control levels (Fig. 2, see insets). In both cell lines expressing the P&R, treatment with isoproterenol significantly affected the receptor decay curves ( p < 0.01).When these curves were analyzed,the estimatedhalf-life of the P&R was found to be reduced from 18 to 11 h following isoproterenol treatment inCHW cells. In L-P&R cells, the pattern of receptor down-regulation in the presence of cycloheximide was different. After a rapid reduction in the number of of binding sites, a plateau wasreached at 6 h, and the number receptors remained stablefor up to24 h. The occurrence of this plateau could result from the disappearance of a short lived protein ( t n = 2-4 h) implicated in the turnover of the P&R (33). In this cell line, the isoproterenol treatment reduced the estimated half-life of the P & R from 5 to 2.5 h and also lowered the level at which the receptor decay curve reached a plateau. These observations are consistent with the idea that agonist stimulation increases the rate of degradation in both CHW and L cells. In contrast to what was observed with the P&R-expressing cells, isoproterenol did not significantly affect the receptor de-



cay curves in eitherP&R-expressing cell line. The half-lives of P,AR were estimated to be 15 h in CHW and 18 h in L cells. These resultssuggest that agonist activation of the P&3 does not promote further degradation of pre-existing receptors. It has been shown that tyrosine residues in theC-terminal tail of the P & R are implicated in receptor down-regulation (33). These residues, which are believed to control the internalization of the receptor and the targeting to lysosomal compartments (34,351, are not found in thesequence of the P&R (15). Effect of Isoproterenol Pretreatment on P2- and P&R RNA Levels-ReceptormRNA destabilization is the second major pathway of p&R down-regulation (4, 11, 36, 37). Since the P,AR did not undergo agonist-promoted degradation, and since previous studies indicated that agonist treatment in vivocould down-regulate &AR mRNA in rat adipose tissue (16, 23), we investigated whether the P,AR down-regulation that we observed in L cells could be mediated by RNA regulation. Specific levels of PZ and P,AR RNA were quantified by reverse transcriptase PCR in CHW and L cells activated or not by isoproterenol. Total RNA from CHW-p&R, CHW-P&R, L-P&R, and L - P m cells was reverse transcribed and coamplified in the presence of increasing amounts of mutant competitor transcripts bearing a unique restriction site. After gene amplification of the cDNAs, the internal control was resolved from the wild type by enzymatic digestion and gel chromatography. The ethidium bromide-stained PCR products were then quantified by densitometry. As shown in Fig. 3, increasing the amountsof internal control (lower superposed bands) resulted in the decrease of wild type cDNA levels (upper band).When the logarithm of standard mutant over wild type DNA signals was plotted as a function of the logarithm of the amountof standard observed. The amount RNA template, a linear relationship was of receptor RNA could then be calculated as described under ”Experimental Procedures.” The basal levels of PAR RNA are presented in Table I.
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FIG.5. Isoproterenol-induced stimulation adenylyl cyclase activity. Membranes were prepared from CHW (0, 0 ) or L cells (V,V) expressing eitherthe p# (open symbols)or the p,AR (filled symbols). The adenylyl cyclase stimulation is expressed as fold stimulation of basal activity. Data represent the mean 2 S.E. of five t o seven experiments done in duplicate.



Part of isoproterenol-induced P & R down-regulation is medi-



ated by CAMP-dependent mechanisms (4, 36). Therefore, we investigated whether isoproterenol activation could trigger dif0 ferent levels of cAMP production in CHW and L cells expressw !40ing P A R S . IY 0 As shown in Fig. 5 and summarized in Table 11, adenylyl I20 cyclase was stimulatedapproximately 4-fold byisoproterenol in both Pfl-expressing cells lines. The EC,, of isoproterenol was 0slightly lower in CHW-Pfl- than in the L-Pfl-derived mem0 1 3 6 2 4 0 1 3 6 2 4 brane preparations; thisdifference could result from the higher INCUBATION TIME WITH IS0 (hours) level of &AR in CHW cells (Table I). Forthe P,AR, however, the FIG.4. Isoproterenol-induced regulationof j3AR RNA levels. ability of isoproterenol to activate adenylyl cyclase was markedly different in the two cell lines: basal activity was stimuCHW (top) and L cells (bottom) expressing the&4R (left)or the &AR (right) were incubated with 10 p~ isoproterenol for 0-24 h at 37 “C. lated 6-fold in L-P@ membranes and only 1.4-fold in CHWP A R RNA levels were evaluated by quantitative reverse transcriptase p,AR membranes. The NaF- and forskolin-induced stimulation PCR as described under “Experimental Procedures.” P A R RNA levels of the adenylyl cyclase (Table 11) was also lower in the CHWData are expressed as percent of the amount present in untreated cells. are the mean f S.E. of three to nine determinations. * p < 0.05.Filled P,AR membranes butcould not account for the striking differcircles indicate the corresponding number of receptors measured by ence observed with isoproterenol. Therefore,although theP,AR radioligand binding (from Fig.1). could significantly stimulate the adenylyl cyclase activity in CHW cells (Table 11), its efficacy was significantly lower than Whereas the RNA levels for the &AR were similar in thetwo that of the &AR. This difference in the coupling ability of the cell lines, the RNA encoding the Pz subtype was much less two subtypes inCHW cells was also observed when measuring abundant in theCHW than in L cells despite the higher num- intracellular cAMP levels following isoproterenol stimulation of in levels induced ber of receptor found in the CHW cells. The longer half-life of whole cells (Fig. 6).Indeed, the increase cAMP the &AR in theCHW cells might explain this apparently para- by a 1-h incubation with isoproterenol was twice as large in the doxical observation. CHW-&AR than in theCHW-&AR. In contrast, the two recepCAMPaccumulation when expressed Isoproterenol stimulation of CHW-P&R and L-Pcells tor subtypes led to similar induced a time-dependent decrease of cellular P & R RNAlevels in L cells (fig 6). The observation that inCHW cells P.JR is less which reached 7 0 4 0 %after 24 h (Fig. 4, left panels). Interest- effective than P f l in mediating CAMP synthesis has been ingly, in L-P&R cells, the reduction of binding sites preceded reported in previous studies (17, 18) and probably reflects a true difference of receptor signaling inthis particular cell line. that of the RNA levels. This observation, together with the isoproterenol-promoted reduction of &AR half-life, confirms The lower absolute cAMP concentrations detected in L cell that at least two different processes may contribute to P f l extracts, when compared with CHW, probably reflect the presence, in theL cells, of a phosphodiesterase that demonstrates down-regulation. Similar to what we observed for receptor down-regulation, marked positive cooperativity for cAMP (38). of the P#-If CyclicAMP-dependentDown-regulation the patternof P,AR RNA variation inresponse to isoproterenol was different in thetwo cell lines (Fig. 4, right panels). In CHW CAMP production, resulting from agonist activation,indeed cells, only a transient down-regulation of P,AR RNA could be plays a pivotal role in driving the cell toward different pathways of RNA regulation, one would expect that cAMP analogs shown at 3 h. I n L cells, the agonist-induced reduction of P&R RNA was sustained and time-dependent, reaching 86% at 24 h. may induce down-regulation of the &AR in both cell lines. As In both cell lines, thereduction of RNA levels clearly preceded shown in Fig. 7, Bt,cAMP, 8-bromo-CAMPand forskolin induced that of receptor binding sites. This observation, together with similar down-regulation of P,AR in both CHW and L cells. This the lack of agonist-induced degradation of &AR protein, sup- down-regulation was sustainedfor up to24 h in both cell lines. port the hypothesis that the down-regulation of this receptor To document further the contribution of CAMP-dependent processes in the down-regulation of the & A R , additivity between results mostly from the regulation of &AR RNA levels. isoproterenol- and Bt,cAMP-induced down-regulation was as&- and /3#-promoted Stimulation of Adenylyl Cyclase-1
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TABLE I1 Stimulation of adenylyl cyclase activity Stimulation of adenylyl cyclase activity in CHW and L cells expressing the p2- or the p f l by isoproterenol (10-'-104 M), forskolin (lo4 M), or NaF M). Data are mean f S.E. from five to seven experiments done in duplicate. In the first two rows, the accompanying error reflects the ranee over which the sum of sauares of the residuals is insensitive to the value of the uarameter. * D < 0.05 when compared with basal activity. Naf line Cell activity Basal
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CHW FIG.6. IsoDroterenol-promoted inIcrease in intracellular CAMP.CHW a i d L cells expressing the p,- or the p $ R were incubated with 10 p~ isoproterenol for 1 h. Cell extracts were prepared as described under "Experimental Procedures," and CAMP levels were measured by radioimmunoassay. Increases inCAMP levels are expressed as picomole of cAMP/mg of total cellular protein. Basal CAMP concentrations were the following (in pmoVmg protein): CHW-pfl, 23.2 f 8.5; CHW-p-, 26.5 2 5.5; L-p@, 7.6 f 1.7; L-p$R, 7.88 2 0.9. Data represent the mean k S.E. of five to seven experiments done in duplicate.



sessed in L cell. As shown in Fig. 7B, the extent of downregulation induced by the combination of Bt2cAMPand isoproterenol was notsignificantly different from that observed with either compound alone. Furthermore,thetime course of Bt,cAMP-induced p@ down-regulation in L cells was very similar to that observed following isoproterenol stimulation (compare Fig. 7C with Fig. 1). Taken together,the data indicate that, similarly to what has been reported for &AFt, a CAMPdependent mechanism participates in the down-regulation of the &AR. Moreover, the observation that /3@ down-regulation promoted by CAMPanalogs is similar in thetwo cell lines supports the hypothesis that level the of cAMP reached following receptor activation is an important parameterof cell-specific down-regulation. DISCUSSION



To evaluate the potential



contribution of the cell type to agonist-induced down-regulation of & A R , we studied the effects of sustained isoproterenol activationof p3AR expressed by could hamster CHW or mouse L cells. All other parameters that interferewith receptorregulationwere minimized inthis study. (i) Identical expressionvectors were utilized in which the coding regions of either or &AFt genes were placed, together with theirown 3'-untranslated regions, under thecontrol of the same Roux sarcoma virus long terminal repeat promoter. (ii)
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INCUBATION TIME WITH Bt2cAMP (hours) FIG.7. cAMP analog-promoteddown-regulation of the Panel A, CHW and L cells expressing the p,AR were incubated with 1 nm Bt,cAMP, 1m~ 8-bromo-CAMP(8-Br-cAMP),or 0.1 mM forskolin for 6 h at 37 "C. Panel B , L-p,AR cells were incubated with 1nm Bt,cAMP, 10 p~ isoproterenol, or withboth for 24 h at 37 "C. Panel C , L-p&R cells were incubatedwith 1m~ B t , W for 1-24 h at 37 "C. Whole cell P,AR number was determined by radioligand binding assay using ['2611CYP as ligand. The number of receptors is expressed as percent of the numf S.E. of four to seven ber present in untreatedcells. Data are the mean determinations done in triplicate.



Cell clones were selected which expressed similar amounts of receptors. (iii) Experiments were conducted in parallel on cells expressing &AR and on cells expressing &AFt, the down-regulation pattern observed in the latter serving as an internal control for the assays. Data reported here demonstrate that isoproterenol-induced down-regulation of &AR is markedly different in CHW and L cells, whereas &AR undergoes a similar patternof down-regulation in both cell lines. The variable down-regulation of P,AR may not be explained by differential sensitivity todegradation of preexisting receptors, sincetheir half-life was not affected in either cell type by incubating receptors with agonist. In contrast, the pattern of p,AR RNA regulation in response to iso-
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proterenol was different in thetwo celllines. Whereas in CHW cells we observed only a moderate and transient reduction of RNA level, in L cells the agonist induced a marked down-regulation of &AFt RNA which was maximal at 24 h and which clearly preceded reduction of receptor binding sites. Thus, the agonist promoted down-regulation of P&t results mostly from a cell-specific regulation of its RNA levels. The study of functional effects of P A R activation by isoproterenol suggests that the lack of receptor RNA regulation in CHW-B,AR cells could depend on a weak activation of the CAMP pathway. This phenomenon is cell- and receptor-specific since, in CHW-&AR cells, we could measure adenylyl cyclase activation identical to that observed in L cells in response to isoproterenol. Moreover, we could rule out a cloning artifact by documenting the resistance to down-regulation in several different C H W - p f l clones (data not shown). Even though the level of isoproterenol-induced adenylyl cyclase activity was low in theCHW-P,AR cells, we still detected an increase in intracellularcAMP levels which could account for the transitory down-regulation observed. Finally, the observation that &AR down-regulation promoted by cAMP analogs is similar in both cell types supports the hypothesis that the level of cAMP production reached following receptor activation is an important parameter inreceptor downregulation. This idea is also consistent with the fact that Bt,cAMP can induce down-regulation of the P,AR to a similar extent andwith comparable kinetics as isoproterenol in L cells. We cannot, however, rule out the possibility that a CAMP-independent mechanism could also contribute to the P,AR downregulation in these cells.For the p&R, a CAMP-dependent destabilization of the receptor mRNA has been proposed to contribute to the agonist-promoted down-regulation (4, 36). Whether or not the same mechanism is responsible for the CAMP-mediated down-regulation of the &AR remains to be determined. At present, we do not understand the mechanisms which, in the cell lines used in our study, drive toward a high or a low cAMP production and thus toward different pathways of receptor regulation. Multiple factors are probably involved,such as the intrinsic affinity of receptors for G proteins, the relative amount of G protein isoforms which may interact with receptors, the isoforms of adenylyl cyclase and protein kinase A present in thecells, and regulation of phosphodiesterase activity. The results reported here, by showing that theregulation of a given receptor may vary with the cell type, should help to reconcile contradictory reports on long term down-regulation of &AR. In rat white and brown adipose tissues, P-agonists and glucagon (which also increases intracellular CAMP levels) were shown to induce a reduction of &AR mRNA level (23,24) similar to that observed here inL-@,AR cells. In contrast, studies on murine 3T3-F442Aadipocytes,which express endogenous &AR,have shown that agonist stimulation of PARS induced an up-regulation of both P,AR number and mRNA levels (25).This phenomenon seems to be the consequence of a positive transcriptional control of p&t by CAMP.Although not discussed by the authors of this report, a transient down-regulation of both p&t number and mRNAlevels couldbe observed in these cells, similar to what we have seen in CHW-PW cells. It has been proposed that the up-regulation of P,AR in 3T3-F442A adipocytes was the consequence of the increased transcription rate of the p&t gene. The effects of agonist stimulation on P A R promoter activity could not be evaluated in our study since the constructs were under the control of a viral promoter. Human p,AR cDNA has been transfected in CHW cells in another study: no agonist-induced down-regulation of the receptor was detected following 6 and 24 h of incubation with isoproterenol (18).It is possible that thetime points selected in thisstudy did
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