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SUMMARY
Stable cell lines that express the canine-derived A2a adenosine
receptor (A2�,AR) have been generated. Using a previously char-

acterized anti-A25AR antibody probe, we have identified the
recombinant receptor protein and examined the desensitization
process of this G protein-coupled receptor. Agonist exposure
induced a rapid desensitization of A2aAR-stimulated adenylyl
cyclase activity. This was associated with reduced affinity of the
receptor for the A28AR-selective agonist [3H]CGS21 680 and
agonist-stimulated phosphorylation of the receptor protein. Ag-
onist-stimulated A25AR sequestration into a light membrane frac-
tion was also detected over the same time frame but, whereas
inhibition of this process did not affect the extent of desensiti-

zation, the rapid recovery normally observed after short term
agonist exposure was dramatically reduced. Long term agonist
treatment resulted in the down-regulation of A2aARS and up-

regulation of G,,2 and G(,3, as determined by immunoblotting.
Recovery of A2aAR function after agonist removal required sev-
eral hours and was associated with the return of receptor levels
to control values. In contrast, inactivation of G proteins by
pertussis toxin treatment did not alter the extent of agonist-
induced desensitization observed. Neither short nor long term
desensitization could be mimicked by elevation of intracellular
cAMP levels alone. Therefore, these data suggest that A2aAR
desensitization is mediated by multiple, temporally distinct, ag-
onist-dependent processes. Agonist-stimulated phosphorylation
of the receptor may induce short term desensitization by impair-
ing receptor-G5 coupling, whereas long term down-regulation of
receptor number and up-regulation of inhibitory G proteins me-

diate long term adaptation.

The ability of the ubiquitous nucleoside adenosine to modu-

late important physiological processes such as platelet aggre-

gation, lipolysis, and neurotransmission has been known for

many years (1). Only recently, however, has the molecular

nature of the cell surface ARs responsible for initiating these

events been elucidated (2). Functional and molecular cloning

studies have demonstrated that ARs can be divided into at

least three groups; A1ARs mediate inhibition ofadenylyl cyclase

activity via interaction with one (or more) G proteins, whereas

A,ARs stimulate adenylyl cyclase activity by coupling to G5 (2).
Expression of the rat A1AR confers adenosine-mediated inhi-

bition of adenylyl cyclase activity, although whether this is its

only signaling function in vivo is uncertain (3). Each of the

cloned ARs exhibits the predicted seven-membrane-spanning
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domain topography characteristic of most G protein-coupled

receptors (4, 5).

A2ARs can be further divided into A2,, and A2b subtypes,

which have been distinguished by pharmacological and molec-

ular biological studies (6-8). Although both receptors are ca-

pable of stimulating adenylyl cyclase activity, only the A29AR
is capable of binding the agonist CGS21680 with high affinity

(7, 8). Furthermore, in situ hybridization and Northern blotting

experiments have demonstrated that these receptors exhibit

distinct patterns of expression (7).

Agonist-induced desensitization or refractoriness is a univer-

sal feature of G protein-coupled receptors, although only the

�3,-adrenergic receptor and rhodopsin have been studied exten-
sively. These studies suggest that, after short term agonist

exposure, agonist-occupied fl2-adrenergic receptors uncouple
from G5 due to phosphorylation events catalyzed by receptor-

specific kinases (e.g., �3ARK-1 and -2) and/or kinases regulated
by levels of intracellular second messengers (e.g., PKA). Phos-

phorylation of the receptor by flARK(s) increases the affinity
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ofthe receptor for cytosolic factors (‘arrestin proteins’), thereby
competitively inhibiting receptor binding to G8, whereas phos-

phorylation by PKA directly impairs the ability of the receptor

to interact with G8, as well as increasing its ability to couple to

G, (9, 10). Receptor sequestration, a process whereby a receptor
translocates to an ill defined ‘light membrane’ fraction, has

been described in several cell lines, although the mechanisms

by which this occurs are poorly understood (11, 12). The
mechanisms by which long term desensitization occurs are also

unclear, although studies on many receptors have shown that
prolonged exposure to agonists can regulate expression of both
a receptor and/or its associated G protein (13-16). Moreover,

phenomena whereby long term activation of the stimulatory

pathway ofadenylyl cyclase results in the enhanced functioning
of other G protein-coupled pathways have also been described

(16, 17).
Several studies in rat kidney cells (18), vascular smooth

muscle cells from rat aorta (19), NG1O8-15 cells (21), and

DDT1 MF-2 cells (20) have shown that the A2AR response

undergoes a rapid desensitization after short term exposure
(several minutes) to agonists such as 2-chloroadenosine, NECA

(18, 19, 21), or the more A2aAR-selective ligand PAPA-APEC
(20). Moreover, this desensitization is homologous, inasmuch

as stimulatory hormone-, fluoride-, and forskolin-stimulated

adenylyl cyclase activities are unaffected under these conditions

(18-21). Nevertheless, study of A2AR desensitization in estab-
lished cell lines has several limitations. First, the A2AR-stim-
ulated adenylyl cyclase response in many cell types is relatively
small, compared with that of other Ge-coupled receptors. Sec-
ond, it is possible that a given cell line may express both A,8ARs

and A2�,ARs, as well as other A2AR subtypes that have yet to
be isolated; indeed, we have noted that A28ARs from liver and

brain exhibit different reactivities to two polyclonal antibody
preparations raised against distinct regions of the canine-de-
rived A2aAR protein (22). As a result of these technical diffi-

culties, the mechanisms by which the observed desensitization
occurs have remained unknown. To circumvent these problems,

we have transfected CHO cells with the canine thyroid-derived

RDC8 cDNA, which codes for an A2aAR (23), and isolated

clonal cell lines that exhibit both high levels of specific agonist
binding and robust stimulation of adenylyl cyclase activity, to
begin to characterize mechanisms of short and long term A2aAR

desensitization at the molecular level.

Experimental Procedures

Materials. [32PlPhosphoric acid, [a-�2P]ATP, [a-32P]NAD�, [3H1
cAMP, [3H]CGS216SO, and ‘251-Protein A were from DuPont-New
England Nuclear. Protein A-agarose, soybean trypsin inhibitor, leupep-

tin, PMSF, benzamidine, pepstatin A, chloramine T, ATP, dATP,
GTP, creatine phosphokinase, concanavalin A, and HEPES (sodium
salt) were from Sigma. Cyanogen bromide-activated Sepharose 4B was

from Pharmacia. Phosphocreatine, restriction enzymes, and T4 ligase
were from Boehringer-Mannheim. All electrophoresis reagents were
from Bio-Rad. Cell culture reagents were from GIBCO. PTx was from
List Biochemicals. The plasmid pSVNeo was from Pharmacia. All
other chemicals were of the highest grade commercially obtainable.

Cell culture and transfections. Transfected CHO cells were
grown as monolayers in 75-cm2 flasks, in Ham’s F-12 medium supple-
mented with 10% fetal bovine serum, 100 units/ml penicillin, 100 �g/
ml streptomycin, and 50 �tg/ml G418 (to maintain selection pressure).
Approximately 3 x i0� cells in 25-cm2 flasks were co-transfected with

30 �g of pBC12-BI expression vector (described in Ref. 24 and kindly

provided by Dr. Bryan Cullen, Duke University) containing wild-type

A)aAR cDNA (described in Ref. 23 and kindly provided by Dr. Gilbert

Vassart, Universite Libre de Bruxelles, Belgium) and 1.5 �g of pSVNeo

(conferring G418 resistance), by a modified calcium phosphate precip-

itation/15% glycerol shock procedure (24). Cells were maintained in

the presence of 400 �g/ml G418 until -14 days after transfection, when
isolated colonies were selected and replated. Identification of receptor-

expressing clones was by radioligand binding using 20 nM [‘HJ

CGS21680, as described below.

Crude membrane preparation and radioligand binding. Mem-
branes from CHO cells were prepared as follows. After aspiration of

medium from the flasks, monolayers were rapidly washed three times

with 20 ml of ice-cold lysis buffer (50 mM HEPES, pH 7.5, 5 mM

EDTA). Four milliliters of fresh lysis buffer were then added, into

which the cells were scraped before Dounce homogenization (20
strokes) on ice. After centrifugation at 42,000 x g for 15 mm at 4�,

membranes were resuspended in a minimal volume of 50 mM HEPES,
pH 6.8, 10 mM MgCl2 (50/10 buffer), with 0.15 unit/ml ADA, for

immediate use in binding assays as described previously (25). Protein

concentrations were determined by the method of Bradford (26). Typ-

ically, experiments using CHO cells employed 20-80 � of protein!
tube.

Desensitization conditions. Cells in monolayers nearing conflu-

ence were washed once with 20 ml of PBS, and fresh Ham’s F-12

medium containing 5% fetal bovine serum was added. NECA and ADA

(included to remove adenosine released by the cells) were then added

(to the final concentrations specified in the figure legends) and incu-

bations were carried out for the indicated times at 37’ in a cell culture

incubator. Incubations were terminated by placing flasks on ice, aspi-

rating off the medium, and rapidly washing the monolayer three times

with 20 ml of ice-cold lysis buffer. Cells were then detached by scraping

into 4 ml of lysis buffer and membranes were made as described

previously.

Photoaffinity labeling. This was performed as described previ-

ously, using 0.8 nM ‘251-azido-PAPA-APEC (27); membranes from one

75-cm’ flask were used for each condition.

Assay of adenylyl cyclase activity. Membranes prepared from
one flask of transfected CHO cells were immediately resuspended by

Dounce homogenization (20 strokes) in 1 ml of 75 mM Tris. HC1 (pH
7.4 at 30’) containing 200 mM NaCl and 12.5 mM MgCl,. After incu-

bation with 6 units/mI ADA for 15 mm at 30’ to remove endogenous

adenosine, 40 Ml of membrane suspension (-40 �sg of protein) were

added to 40 �l of reaction mixture (0.14 mM dATP, 5 mM phospho-

creatine, 30 units/mI creatine phosphokinase, 12 �tM GTP, and 1.5 MCi

of [a-”P]ATP) and 20 Mi of water or drugs. Papaverine (100 MM) was
also included to inhibit low-K,,, phosphodiesterases. For experiments

in which NaF or forskolin was included in the assay, GTP was omitted

from the reaction mixture. All incubations were for 15 mm at 30�.

Reactions were terminated by placing the tubes on ice and adding 1 ml

of stop solution (10 x iO’ cpm/ml [3HJcAMP, 0.3 mM cAMP, and 0.4

mM ATP) to each tube. 132P]cAMP was purified by sequential chro-

matography with Dowex-50 and alumina columns, as described by

Salomon et al. (28).

Preparation of a light membrane fraction. Three flasks of
CHO�A)aAR cells were used for each light membrane preparation. After

treatment with vehicle or agonist, monolayers were rapidly washed
with ice-cold PBS and scraped into 4 ml of PBS containing 0.25 mgI

ml concanavalin A to block further receptor redistribution (12). Cells
were collected by centrifugation and were resuspended in 5 ml of lysis

buffer supplemented with protease inhibitors previously shown to
prevent A�,AR degradation (25); these were soybean trypsin inhibitor

(100 �g/ml), leupeptin (5 �g/ml), pepstatin A (1 �g/ml), and PMSF

(0.1 mM). After Dounce homogenization (20 strokes), a pellet was

sedimented by centrifugation at 42,000 x g for 20 mm. Four milliliters
of the supernatant were collected, and light membranes were pelleted

by centrifugation at 140,000 x g for 70 mm. The resulting ‘glassy’
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pellets were resuspended and equivalent amounts were prepared for

electrophoresis and immunoblotting.

SDS-PAGE and immunoblotting. For immunoblotting of G pro-
tein subunits, the appropriate amounts of membrane protein were

collected by centrifugation and prepared for electrophoresis by resus-

pension in 10% (w/v) SDS electrophoresis sample buffer and boiling

for 5 mm before loading for SDS-PAGE. For immunoblotting of

A2aARs, 1 mg of membrane protein was collected by centrifugation

and solubilized with 100 Ml of 0.8% (v/v) Triton X-100 in 100 mM

Na2HPO4, pH 6.5, 5 mM EDTA, containing 5 �g/ml soybean trypsin
inhibitor, 5 �g/ml leupeptin, 100 MM benzamidine, and 0.1 mM PMSF.

After incubation on ice for 1 hr to solubilize membrane proteins, soluble

fractions were collected by centrifugation at 100,000 x g for 1 hr at 4�,

in a benchtop ultracentrifuge. Protein concentrations of soluble frac-

tions were then determined and 300 �g were added to an equal volume

of 16% (w/v) SDS electrophoresis sample buffer before boiling for 2

mm and electrophoresis. Discontinuous electrophoresis was performed

as described by Laemmli (29), using 10% (w/v) polyacrylamide resolv-

ing gels. Transfer of proteins to nitrocellulose and immunodetection

with primary antibodies and ‘2�I-Protein A were performed as described

previously (22).

The following primary antibodies were used for immunoblotting at

the concentrations indicated in parentheses: TP/2 (4 �g/ml affinity-

purified IgG) for detection of A2aARs (22), TG982 (1/4000 dilution of

serum) for detection of G,2 (30), RM/1 (1/1000 dilution of serum) for

detection of G,,. (31), TG977 (1/8000 dilution of serum) for detection

of G�3 (30), and TG987 (1/4000 dilution of serum) for detection of G

protein �3 subunits (30). TP/2 was affinity purified from whole serum

as described previously (22). Blots were exposed to Kodak XAR film

with dual intensifying screens for 12-48 hr. Quantitation of immuno-

blots was by excision and counting of -y-radiation from bands of

interest, with suitable correction for background radiation. For each

antibody concentration used, initial experiments were performed to

determine the range in which the relationship between the amount of

protein loaded and the ‘251-Protein A detected was linear; subsequent

comparative immunoblots used protein loadings within these ranges.
Labeling of CHO cells with [32Plorthophosphate. Cell mono-

layers nearing confluence were washed twice with PBS, and fresh
Ham’s medium minus serum, supplemented with 32P (5 mCi/treat-
ment), 30 MM sodium phosphate, pH 7.2, and 0.3 unit/ml ADA, was

added. After 2.5 hr at 3T in a cell culture incubator, agonist, forskolin,
or vehicle was added directly to this medium and the incubation was

continued for an additional 30 mm.

Immunoprecipitation of A2�ARs. After labeling, flasks were
placed on ice, the medium was removed, and the monolayers were

rapidly washed five times with ice-cold PBS. Cells were then scraped

into 4 ml of HPEN (50 mM HEPES, pH 7.2, 10 mM NaP2O7, 100 mM

NaCl, 4 mM EDTA). This buffer also included protease inhibitors (10
�g/ml soybean trypsin inhibitor, 10 pg/mI leupeptin, 1 �g/ml pepstatin

A, and 0.1 mM PMSF) and phosphatase inhibitors (10 mM NaF, 1 mM

phosphoserine, 1 mM phosphothreonine, 1 mM �(-glycerophosphate,

and 0.1 mM sodium vanadate). After Dounce homogenization (20

strokes), membrane pellets were collected by centrifugation. These

pellets were washed twice by rehomogenization in HPEN plus inhibi-

tors and further centrifugation. The final membrane preparation was

solubilized in 0.8% Triton X-100/HPEN plus inhibitors by pipette

trituration and passage through a 20-gauge needle. After solubilization

on ice for 2 hr, soluble fractions were collected by centrifugation at
100,000 x g for 1 hr. SDS was then added to a final concentration of

0.08% and the mixture was precleared of nonspecifically binding pro-

teins by overnight incubation at 4’ with preimmune serum and 150 Ml

of Protein A-agarose. After centrifugation, the supernatant was incu-

bated with 20 �g/ml affinity-purified TP/2 antibodies for 3 hr on ice;

nonspecific immunoprecipitation was assessed by the inclusion of an-

tigenic peptide at 20 �g/ml. After the addition of 30 MI of Protein A-

agarose and further incubation for 2 hr, immunoprecipitates were
collected by centrifugation and extensively washed with HPEN plus

0

[NECA] (M)

Fig. 1. Desensitization of the A2AR-stimulated adenylyl cyclase re-
sponse. A, Dose dependence of NECA-stimulated adenylyl cyclase ac-
tivity in membranes prepared from cells treated in the absence (0) or
presence of 10 MM NECA for either 30 mm (S) or 24 hr 4 at 37#{176}.This
experiment is representative of 10 that produced quantitatively similar
results; basal activities were 7.9 ± 2.2 pmol/min/mg (control), 8.0 ± 0.6
pmol/min/mg (30-mm treated), and 7.0 ± 1 .0 pmol/min/mg (24-hr
treated). B, Dose dependence of A2�AR desensitization to increasing
concentrations of NECA at 30 mm and 24 hr. Data are presented as a
percentage of the desensitization observed with 10 MM NECA (set at
1O0#{176}k);the mean desensitization produced by exposure to 1 0 MM NECA
in these experiments was to 59% (30 mm) and 45% (24 hr) of the 10 MM

NECA-stimulated adenylyl cyclase activity produced in membranes from
ADA-treated cells. Each data point is the mean ± standard error of three
separate determinations.

inhibitors containing 1% Triton X-100 and 0.1% SDS, followed by two
washes with HPEN and inhibitors without detergent. Phosphoproteins
were eluted by the addition of 30 Ml of SDS-PAGE sample buffer and
incubation at room temperature for 60 mm. After centrifugation to
sediment the Protein A-agarose, equal volumes of supernatant were

analyzed by SDS-PAGE and autoradiography.

PTx-catalyzed [32P]ADP-ribosylation. This was performed on
isolated membrane preparations as described by Ribeiro-Neto et al.

(32).

Data analysis. Scatchard plots (33) of radioligand binding data

were fitted by least squares analysis. Adenylyl cyclase dose-response

curves were analyzed by a computer-assisted curve-fitting program
previously validated (34). Data in the text and in tables are presented
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as mean ± standard errror values for the number of experiments

indicated, unless otherwise stated. Graphs depict representative exper-
iments, which were performed at least twice. Statistical analyses were

performed using Student’s t test (two-tailed), with an a probability of
0.05.

Results

Characterization of CHO cells expressing A2aARS. Co-

transfection of CHO cells with pSVNeo and pBC-A28AR
cDNAs resulted in the isolation of several clonal cell lines that

exhibited at least 50% specific binding of 20 nM [1H]CGS2 1680;

one of these clones was chosen for further analysis. Scatchard

analysis of data from saturation isotherms performed on mem-

brane preparations showed that [3HJCGS21680 bound to a
single, saturable, high affinity site with a Kd of 7.4 ± 1.7 nM

(10 experiments) and Bmax values ranging from 0.88 to 2.20

pmol/mg in 10 experiments. The existence of a single class of

binding sites for [3H]CGS21680 and the Kd value observed are
consistent with previous observations of endogenous A2aARs in

rat, bovine, and canine striatum, as well as those from PC-12

cells (35, 36). In parallel experiments, no specific binding of

[3H]CGS21G8O was detected in membranes from nontrans-

fected CHO cells (data not shown).

The expressed A2aAR was functional, inasmuch as mem-
branes from transfected cells displayed a ligand-stimulated

adenylyl cyclase activity that exhibited the expected A2aAR
pharmacology, i.e., a potency order of NECA > CGS21680>

TABLE 1

Time course of onset of A�.AR desensitization
Monolayers of CHO-A�,,AR cells were treated either with 10 MM NECA and 0.3 unit!
ml ADA or with ADA alone (controls) for the indicated times before extensive
washing, membrane preparation, and assay of adenylyl cyclase activity with in-
creasing concentrations of NECA, as described in Experimental Procedures. Dose-
response curves were generated by a computer modeling program, to give EC�
and maximal fold stimulation values. For these experiments, the maximal fold
stimulation above basal activity obtained with NECA in membranes from ADA-
treated cells (controls) was 10.3 ± 1.4 (mean ± standard error, 15 experiments).

Stimulation EC�

% ofcontro! MM

Control 100 0.09 ± 0.01 15
15 mm 86.0 ± 0.5 0.18 ± 0.03 3
30mm 52.9±3.3 0.15±0.07 3
60 mm 57.8 ± 1.6 0.16 ± 0.06 3

120mm 65.4±1.2 0.16±0.10 3
24 hr 42.0 ± 3.7 0.19 ± 0.07 4

a �, number of experiments.

TABLE 2

NaF- and forskolin-stimulated adenylyl cyclase activities in
membranes from CHO-A�.AR cells after agonist treatment
Cells were incubated with 0.3 unit/mI ADA in the absence (control) or presence of
10 MM NECA for either 30 mm or 24 hr at 37#{176}.Membranes were then prepared for
assay of adenylyl cyclase activity with 1 0 m� NaF and 10 MM forskolin, as described
in Experimental Procedures. The values for fold stimulation above basal are means
± standard en’ors for three experiments. Basal activities in these experiments were
8.0 ± 3.3 pmol/min/mg (control). 6.5 ± 2.2 pmol/min/mg (30 mm treated), and 4.8
± 1 .1 prnol/min/mg (24-hr treated).

Adeny� c� acbvfty

10 m� NaF 10 MM Forskolin

30mm 24hr 30mm 24hr

Fig. 2. Scatchard analysis of [3H]CGS21 680 binding after short and long
term desensitization. CHO-A2�AR cells were incubated with 0.3 unit/mI
ADA, in the absence or presence of 1 0 MM NECA, for either 30 mm (A)
or 24 hr (B) before membrane preparation for [3H]CGS21 680 saturation
binding experiments, as described in Experimental Procedures. 0, Bind-
ing in membranes from ADA-treated cells (controls); #{149},binding in mem-

branes from 10 MM NECA-treated cells. Data are presented from single
experiments, which are representative of at least three performed for
each time point.

(R)-PIA > (S)-PIA, with Hill coefficients for each of these

ligands of 0.9 or greater, indicative of interaction of each ligand

with a single class of receptor binding sites. The response of
membranes from nontransfected cells to either 10 MM

CGS21680 or 10 MM NECA was barely detectable (-5% above

basal). Therefore, the adenylyl cyclase response observed in

membranes from transfected cells was due to the expression of

the A2aAR cDNA.

Agonist-induced desensitization of A2AR function.

Fig. 1 and Table 1 show the desensitization pattern of A28AR

function after exposure of cells to 10 MM NECA and 0.3 unit!

ml ADA. Desensitization was first detected after a 15-mm

agonist exposure, and after 30 mm the maximal stimulation

elicited by NECA was -50% of that observed in membranes
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prepared from cells that had been treated with ADA alone (Fig.
1A; Table 1). Incubation with NECA for 60 mm or 120 mm did
not produce any further reduction in maximal stimulation;

indeed, after incubation with agonist for 24 hr, the maximal
stimulation produced by NECA fell only slightly further, to

-40% of that observed in membranes from control cells (Fig.
1A; Table 1). Desensitization of the A2aAR response was asso-

ciated with large reductions in the maximal adenylyl cyclase

stimulation produced by NECA but with only a small increase

in its ECse value (Fig. 1A; Table 1). The abilities of 30-mm or
24-hr exposure of cells to NECA to elicit desensitization exhib-

ited similar dose dependencies (IC.� for 30-mm exposure, ‘-40
nM; for 24-hr exposure, ‘-20 nM) (Fig. 1B).

Short term (30-mm) or long term (24-hr) desensitization

produced by treatment with 10 MM NECA did not result in any

changes in the efficacies with which sodium fluoride or forsko-

lin was able to stimulate adenylyl cyclase activity, suggesting
that the G8-catalytic unit interaction is unaffected by the de-

sensitization process (Table 2). Therefore, the desensitization

process selectively diminishes productive interaction between

the A2,AR and G,.

Agonist-induced changes in [3H]CGS21680 binding to

the A2�AR. After an agonist exposure time sufficient to cause

functional desensitization, the number of binding sites for [3HJ

CG521680 did not change but the Kd increased by --2-fold (Kd
increased from 10.0 ± 1.5 nM to 20.5 ± 3.1 nM, three experi-

ments, p < 0.05; Bmax values were 1.46 ± 0.30 pmol/mg and

1.71 ± 0.44 pmol/mg for control and 30-mm-treated samples,

respectively, p > 0.1); Scatchard analysis of the data demon-

strated that the whole population of [3H]CGS21680 binding
sites were converted to the lower affinity state, because binding

to agonist-treated cells was still consistent with a single class

of binding sites (Fig. 2A). Because agonists display a higher

affinity for receptors that are coupled to their appropriate G

protein, the increase in Kd observed after agonist exposure is

consistent with reduced coupling efficiency between the A2aAR

and G8.

[3H]CGS21680 saturation binding experiments on mem-

branes prepared from cells that had been treated with agonist
for 24 hr exhibited additional alterations in agonist binding
(Fig. 2B). Hence, whereas binding in membranes from treated

cells was still of lower affinity (Kd increased from 10.3 ± 1.1

flM to 17.5 ± 2.8 flM, three experiments, p < 0.05), the total

number of agonist binding sites was also reduced by approxi-

mately 40% (Bmax was reduced from 1.91 ± 0.31 pmol/mg to

1.25 ± 0.20 pmol/mg, three experiments, p < 0.05).

Therefore, changes in agonist binding appear to occur in two

stages; short term agonist exposure induces an apparent im-

pairment of the coupling between the A28AR and G,, manifested

as reduced affinity of the receptor for [3H]CGS21G8O. Long

term agonist exposure also induces down-regulation of the total

number of agonist binding sites.

Quantitation of A2�ARS in membranes from control

and desensitized cells. The identity of the expressed A28AR

was determined by two methods. Photoaffinity labeling of CHO

cell membranes with the agonist photoaffinity probe ‘2’i-azido-

PAPA-APEC identified a single band, of 60 kDa, which was

not present in nontransfected CHO cells (Fig. 3A). The labeling

of this protein was blocked by AR agonists in a manner con-

sistent with an A�AR pharmacology, i.e., CGS21680 = NECA

> (R)-PIA > (S)-PIA (Fig. 3A). Immunoblotting of membranes

from transfected cells with affinity-purified antibody TP/2

identified a single immunoreactive band, at 60 kDa, which was

absent in nontransfected cells and which comigrated exactly

with the labeled protein (Fig. 3B). We have previously charac-

terized the ability of this antibody to recognize endogenous
canine A2aAR5, by immunoblotting and immunoprecipitation

of photoaffinity-labeled receptors (22).

To determine changes in the total A2aAR population, rather

than just those receptors identified in agonist radioligand bind-

ing studies, we used antibody TP/2 in comparative immuno-

blotting studies. Immunoblotting of membranes from cells that

had been treated for 24 hr in the presence or absence of 10 MM

NECA demonstrated that a dramatic reduction in the level of

immunoreactive receptors was associated with conditions under
which the A28AR response underwent functional desensitiza-

tion (87 ± 6% reduction, compared with levels in control cells,
four experiments) (Fig. 3C). The loss of immunoreactive

A2aAR5 was dose dependent, although relatively high doses

were required (Fig. 3D). Time-course experiments showed that

receptor number remained steady until 4 hr. Receptor loss was

detected at 8 hr of treatment, and after 24 hr levels of receptor

reached their minimum level (Fig. 3E).

A2aAR sequestration after short term desensitization.

Immunoblotting studies demonstrated that receptor levels did

not decline until after several hours of agonist exposure. There-

fore, mechanisms other than receptor loss must have been

responsible for the short term uncoupling and desensitization.

One possible explanation was that receptor sequestration, an-
alagous to that described for other G protein-coupled receptors

(11, 12, 37-41), occurred. However, preincubation with 0.45 M

sucrose, an inhibitor of receptor internalization in CHO cells

(37), did not affect the subsequent ability of NECA to cause

desensitization after a 30-mm agonist exposure (the response

to 10 MM NECA was reduced to 61 ± 12% ofcontrol stimulation,

three experiments). These observations suggested either that

the A2aAR did not undergo sequestration or that it underwent

sequestration but this process was not involved in mediating

Fig. 3. Quantitation of A2�ARs by immunoblotting after long term desensitization. A, Photoaffinity labeling of A2�ARs with 125l-azido-PAPA-APEC.
Membranes from nontransfected or A2�AR-transfected CHO cells were subjected to photoaffinity labeling as described in Experimental Procedures.
The indicated agonists were present at a final concentration of 1 MM. B, Co-migration of A2�ARs identified by photoaffinity labeling and immunoblotting.
Membranes from A2AR-trensfented CHO cells were identified by photoaffinity labeling in the absence (lane 1 ) or presence (lane 2) of 1 MM NECA
or immunoblotting with 4 �g/ml affinity-purified TP/2 (lane 3), as described in Experimental Procedures. C, Treatment of CHO-A2�AR cells with 0.3
unit/mi ADA for 24 hr at 37#{176}in the absence (CONTROL) or presence (TREATED) of 10 MM NECA before membrane preparation and solubilization
for immunoblotting with 4 �g/ml affinity-purified TP/2, as described in Experimental Procedures. This experiment is one of four performed, which
produced quantitatively similar results. D, Dose dependence of A2�AR loss with increasing concentrations of NECA. Cells were incubated with the
indicated concentrations of NECA for 24 hr at 37#{176}before membrane preparation, immunoblotting with TP/2, and quantitation as described in
Experimental Procedures. Data are presented as means ± standard errors for three experiments. Inset, autoradiograph from one such experiment.
* Statistically significant (p < 0.05) reduction in receptor levels. E, Time course of loss of immunoreactive A�AR. Cells were incubated at 37#{176}with
1 0 MM NECA for the indicated times before membrane preparation and immunoblotting with 4 �g/ml affinity-purified TP/2. The data are presented
as mean ± half the range of values from two experiments, one of which is depicted in the inset.
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Fig. 4. A2AR sequestration and recovery after short term desensitization. A, Cells were preincubated in medium with or without 0.45 H sucrose for
20 mm at 37#{176}before the addition of ADA alone (control) or with NECA to a final concentration of 10 MM and incubation for an additional 30 mm.
Light membrane fractions were then prepared and equal amounts were analyzed by SDS-PAGE and immunoblotting with affinity-purified anti-A�AR
antibodies, as described in Experimental Procedures. This experiment is one of three performed, which produced similar results. B, For recovery of
A2aAR function after short term desensitization, cells were treated with or without 1 0 MM NECA and 0.3 unit/mI ADA for 30 mm at 37#{176}.Treated cells
were then washed three times with warm PBS and incubated in agonist-free medium for the indicated times at 37#{176}.Membranes were then
simultaneously prepared for assay of adenylyl cyclase activity in the absence or presence of 10 MM NECA. The mean desensitization in these
experiments was to 58% of untreated controls. Data points are presented as means ± standard errors from three separate determinations.
Percentage of recovery was calculated as 100 x [fold stimulation (recovering cells) - fold stimulation (treated cells)/fold stimulation (control cells) -

fold stimulation (treated cells)]. C, Cells were treated with (#{149})or without (0) 10 MM NECA for 30 mm at 37#{176}.One batch of treated cells were then
washed and incubated in agonist-free medium, as described in B, for an additional 30 mm (R). Membranes were then prepared simultaneously for
assay of adenylyl cyclase activity with increasing concentrations of NECA. This experiment is one ofthree performed, which produced similar results.
D, Cells were preincubated for 20 mm at 37#{176}with medium containing 0.45 M sucrose before the addition of ADA, with or without NECA, and assay
of adenylyl cyclase activity as described for C. This is one of three experiments, which produced similar results.
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short term desensitization. To discriminate between these pos-

sibilities, light membrane fractions were prepared, for immu-

noblotting with TP/2, from cells to which agonist was added

after preincubation with or without sucrose (Fig. 4A); these

experiments demonstrated that agonist treatment caused a
rapid accumulation of receptors in light vesicles, consistent
with a sequestration event (240 ± 30% increase, three experi-

ments). However, sucrose pretreatment completely inhibited

agonist-stimulated A2aAR accumulation in light membranes (4

± 6% increase, three experiments) without drastically affecting

basal levels of receptor in this membrane fraction (13 ± 7%

increase in basal levels of receptor due to sucrose treatment,

three experiments) (Fig. 4A).

Intriguingly, although sucrose pretreatment did not block

short term desensitization, it altered the ability of the cells to

recover from this state. The ability to regain adenylyl cyclase
responsiveness was studied after exposure of the cells to 10 MM
NECA for 30 mm. After agonist removal, maximal adenylyl

cyclase stimulation was regained very rapidly (t,� < 5 mm) and

remained stable for at least 90 mm; analysis of NECA dose-
response curves demonstrated that both potency and efficacy

of A2aAR stimulation were completely restored (Fig. 4, B and

C). Preincubation for 20 mm with 0.45 M sucrose before agonist

addition drastically reduced the resensitization observed 30 mm

after agonist washout (Fig. 4D). Hence, whereas untreated cells

recovered to 90 ± 7% (four experiments) of the control stimu-
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lation 30 mm after agonist removal, sucrose-pretreated cells

either recovered only marginally or, as shown in Fig. 4D,

exhibited further desensitization (pretreated cells recovered to

44 ± 15% of the control stimulation, four experiments).

Agonist-stimulated phosphorylation of the A2�AR. Be-

cause inhibition of receptor sequestration did not affect the

ability of the A2aAR to desensitize after 30-mm agonist expo-

sure, we wished to ascertain whether the receptor was modified

during the desensitization process. Phosphorylation was an

obvious candidate for such a modification, because this has

been implicated in mediating short term desensitization of both

rhodopsin and the �32-adrenergic receptor, both of which bear

structural similarities to the A2aAR (4). Hence, we labeled

CHO-A28AR cells with [32P]orthophosphate and incubated the

cells with or without NECA before cell lysis and solubilization

of membranes for immunoprecipitation of A2aARS with anti-

body TP/2. After a 30-mm agonist exposure, a 60-kDa phos-

phoprotein was immunoprecipitated by TP/2; immunoprecipi-

tation of this protein was completely abolished by the inclusion
of antigenic peptide in the immunoprecipitation reaction (Fig.

5A). Despite the presence of several nonspecific bands in the

immunoprecipitation, only the 60-kDa protein exhibited the

necessary properties of the A2aAR. First, phosphorylation was

observed only in transfected cells (Fig. 5A). Second, the precip-

itated protein had the same molecular mass as the expressed

A28AR. Finally, immunoprecipitation of this protein was com-

pletely abolished by the inclusion of antigenic peptide, whereas

the labeling of the other bands was merely altered with the

background labeling. The increased background labeling ob-

served in lanes containing immunoprecipitated receptors is

commonly observed when low abundance, phosphorylated,

A
67-

Mr(kDa)
45 -

36-

B

Mr (kDa)

A�AR Translected Plontransfected

- + - + . + - +

10 pM NEcA, io Mins.

20 pg/mI Antigenic Peptide

- + 10 pM Forskolln, 30 MIns.

Fig. 5. Agonist-stimulated in vivo phosphorylation of the A2AR. A, Either
untransfected (CHO) or A�AR-transfected (CHO-A2AR) cells were in-
cubated with [�P]orthophosphate and ADA for 2.5 hr before the addition
of fresh ADA alone (control) or with NECA to a final concentration of 10
MM for 30 mm at 37#{176}.Membranes were then prepared for solubilization
and immunoprecipitation with 20 �g/ml affinity-purified TP/2, in the
absence or presence of antigenic peptide, as described in Experimental
Procedures. B, CHO-A2AR cells were preincubated with [32P]orthophos-
phate, as described for A, before incubation with 10 zM forskolin or 0.1%

ethanol vehicle and immunoprecipitation as described.

transmembrane receptors are enriched by either immunopre-

cipitation or purification by column chromatography (42, 43).

Treatment of CHO�A2aAR cells with 10 MM forskolin before

solubilization and immunoprecipitation failed to stimulate the

phosphorylation ofthe A2aAR (Fig. 5B). This is consistent with

the lack of consensus sites for PKA phosphorylation (4) and

also eliminates the possibility that PKA indirectly mediates

A25AR phosphorylation via activation of other kinases.

Effects of cAMP generation and PKC activation on

A25AR responsiveness. To determine whether cAMP gener-

ation was responsible for either the rapid onset of desensitiza-

tion or the long term reduction in responsiveness, cells were

treated for 30 mm or 24 hr with either 10 MM forskolin or 0.1%

ethanol vehicle (Table 3). Treatment of cells with these corn-

pounds reduced neither the efficacy nor the potency with which

NECA was capable of stimulating adenylyl cyclase activity in

isolated membranes. Moreover, reducing the Mg�� concentra-

tion in the adenylyl cyclase assay by 10-fold, to detect subtle

changes in receptor-G protein coupling, failed to unmask any

cAMP-mediated reduction in A2aAR function (Table 3). Simi-

larly, 30-mm exposure of CHO�A2aAR cells to 1 MM phorbol 12-

myristate 13-acetate, a potent activator of PKC enzymes, did

not result in a consistent reduction in A2aAR-stimulated ade-

nylyl cyclase activity under either assay condition, despite the

presence of consensus PKC phosphorylation sites on the A2aAR

(Table 3). Hence, in this system, activation of either PKA or

PKC could not account for the observed desensitization.

Recovery of A25AR function after long term desensi-

tization. As shown in Table 1 and Fig. 1A, long term exposure

to agonist resulted in only a slightly greater inhibition of A28AR

function, compared with that observed after 30 mm. However,

after 24-hr exposure to 10 MM NECA, removal of agonist

resulted in a much slower recovery of adenylyl cyclase respon-

siveness, which occurred over a period of several hours (Fig.

6A); analysis of NECA dose-response curves after 16 hr of

recovery in agonist-free medium showed that both the efficacy

and potency ofthe adenylyl cyclase response were restored (Fig.
fiB). Immunoblotting of membranes demonstrated that recov-
ery of the adenylyl cyclase response was associated with a

complete recovery of receptor levels, suggesting that the two

phenomena are related (Fig. 6C).

Quantitation of G protein subunits in membranes from

control and desensitized cells. One possible mode of regu-

lation whose importance in the desensitization process has been

demonstrated in other systems involves regulation of the quan-

tity of G protein subunits (14-17). Therefore, comparative

immunoblotting experiments were performed using membranes

from cells that had been treated in the presence or absence of

10 MM NECA for 24 hr (Fig. 7; Table 4). Immunoblotting with

antisera specific for G,2 or G,,3 demonstrated that long term

exposure to agonist was associated with increased levels of both
of these proteins in membranes from transfected cells (Fig. 7,

A and B; Table 4). Long term agonist exposure did not con-

sistently alter the expression of G� a or �3 subunits (Fig. 7, C

and D; Table 4). Interestingly, the ability of NECA to increase
expression of these proteins was not solely due to its ability to

elevate intracellular cAMP levels, because parallel treatment

with 10 MM forskolin did not significantly alter the expression

of either G a subunit (<10% difference, compared with con-

trols, in three experiments) (Fig. 7, A and B). Similar treatment
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TABLE 3

Effects of PKA and PKC activation on A�AR-stimulated adenylyl cyclase activity
Cells were treated for either 30 mm or 24 hr in the presence of 0.3 unit/mI ADA and either 10 MM forskolin or 0.1% (v/v) ethanol vehicle (control). Cells were also treated
for 30 mm with ADA and either 1 MM phorbol 1 2-myristate 1 3-acetate (PMA) or 1 MM 4n-phorbol, an inactive phorbol ester (PKC control). Membranes were then prepared
for assay of adenylyl cyclase activity in the absence or presence of 1 0 MM NECA, with MgCI2 present at final concentrations of either 10 mit (high [Mg�4j) or 1 m� (low
[Mg��), as described in Experimental Procedures. Data are presented as means ± standard errors for three experiments.

30mm 24hr

H�h Mg�l Low lMg2�) H�h lMg�J Low [Mg��

Stimulatiorf EC� Stimulation ECw Stimulation EC� Stimulation ECw

Fold MM fold MM fold MM fold MM

Control 8.7±0.6 0.13±0.04 11.5±0.3 0.21 ±0.03 11.6±0.2 0.21 ±0.06 11.5±0.3 0.28±0.05
l0MuForskolin 9.7±0.7 0.19±0.04 11.2±0.2 0.40±0.11 11.5± 1.3 0.23±0.08 11.2±0.3 0.50± 0.12
PKC control 8.3 ± 1 .2 � 4�3 � 0.5 - - - - -

8.1±1.1 - 15.9±0.5 - - - - -

1090 Palmer et a!.

1 MM PMA

a Stimulation above basal.
b not determined.

with 100 MM 8-bromo-cAMP also failed to increase expression

of G a subunits (data not shown).

Therefore, to ascertain whether functional G, activity is

necessary to observe A25AR desensitization, cells were treated

for 24 hr with or without agonist, in the presence or absence of

20 ng/ml PTx to catalyze the ADP-ribosylation and inactiva-

tion of G a subunits (Fig. 8A). However, treatment with PTx

did not alter the desensitization pattern observed, suggesting
that the elevated expression of G,,2 and G,,1 is not directly

involved in mediating long term desensitization; the response

to 10 MM NECA after 24-hr agonist treatment was reduced to

41 ± 11% (PTx treated) or 50 ± 14% (untreated) of controls

(set at 100%) (three experiments) (Fig. 8B).

Discussion

The isolation of a cDNA clone for the canine A2aAR has

facilitated the generation of stable cell lines expressing this

protein in the absence of any other A2ARs, thereby providing

an ideal system to examine the roles of different processes in

mediating the functional desensitization of the A2aAR. As with

any study utilizing expression of a ‘foreign’ receptor in a cell

type in which the receptor is naturally deficient, any pheno-

mena observed should serve as a basis from which to determine
the desensitization mechanisms used by cells expressing the

receptor endogenously.
Treatment of A25AR-transfected cells with agonist induced a

rapid reduction in NECA-stimulated adenylyl cyclase activity

in subsequently isolated membranes. After 30 mm of agonist
exposure, the reduced A25AR-stimulated adenylyl cyclase activ-
ity was not accompanied by any diminution in stimulation

mediated by sodium fluoride or forskolin, suggesting that the
functioning of G. and the catalytic unit of adenylyl cyclase was
unaffected by the desensitization process. These data are con-

sistent with the ‘homologous’ nature of A�AR desensitization

previously reported in rat kidney cells (18), smooth muscle cells

from rat aorta (19), NG1O8-15 cells (21), and DDT1 MF-2 cells

(20) and support a model whereby desensitization selectively

diminishes A28AR-G� interaction. Furthermore, agonist radioli-

gand binding studies demonstrated that a 30-mm agonist treat-
ment induced formation of a receptor population that bound
agonist with reduced affinity, without altering the maximal

A�AR binding capacity. Because agonists bind with higher

affinity to receptors that are coupled to their appropriate G

protein, the shift of the whole population of receptors to lower

affinity suggested that, whereas the number of A2aAR�GS corn-

plexes was not altered, the efficiency of the A28AR-G. interac-
tion was reduced. Inhibition of receptor sequestration did not

affect the ability of the A2aAR functional response to desensi-

tize, suggesting that internalization of the receptor was not

responsible for the observed desensitization. It was therefore

possible that the receptor protein was modified such that its

ability to interact with G. was impaired. Consistent with this

hypothesis was the finding that the ability of NECA to induce

short term desensitization was associated with the agonist-

stimulated phosphorylation of immunoprecipitable A28ARs.

Neither receptor phosphorylation nor desensitization could be

mimicked by elevation of intracellular cAMP levels alone,

although it is possible that simultaneous elevation of cAMP

levels and agonist occupation of receptors are required for these

effects to be manifested.

By analogy with other G protein-coupled receptor systems,

including rhodopsin and the a2A- and fl2-adrenergic receptors

(42, 44), we suggest that the observed agonist-induced phos-

phorylation of the A28AR may be responsible for the rapid loss

of receptor function. The inability of PKA activation alone to

induce desensitization and receptor phosphorylation might sug-
gest that a receptor-specific kinase analogous or identical to

the I3ARK enzymes may be responsible (45). This is also

suggested by secondary structural comparisons between the

A2aAR, the fl2-adrenergic receptor, and rhodopsin. Each of these

receptors has a cytoplasmic carboxyl-terminal domain contain-

ing many serine and threonine residues in an acidic milieu,

which studies using peptide substrates have shown to be an

important factor in determining susceptibility to phosphoryla-

tion by I3ARK (46).

The ability of sucrose pretreament to inhibit both A28AR
sequestration and the rapid recovery normally observed after

short term agonist exposure is consistent with the results of
similar studies performed with the human �32-athenergic recep-

tor in CHO cells (37). Taken together with work on f�-adrener-

gic receptors in frog erythrocytes (47), this suggested that

sequestration of receptors may provide the means by which

phosphorylated receptors may be concentrated in phosphatase-

enriched vesicles for dephosphorylation and recycling back to

the plasma membrane. Inhibition of this process before agonist

exposure would therefore result in an accumulation of phos-

phorylated receptors that could not be dephosphorylated after

agonist removal (37). In the case of the A2aAR, it remains to be
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Fig. 6. Recovery of A2AR function after long term desensitization. CHO-
A�.AR cells were either exposed for 24 hr at 37#{176}to 0.3 unit/mI ADA in
the absence or presence of 10 MM NECA or exposed for 24 hr to 1 0 MM

NECA and 0.3 unit/mI ADA before extensive washing with PBS, addition
of agonist-free medium containing 0.3 unit/mI ADA, and further incuba-
tion at 37#{176}for the indicated times. Membranes were then prepared
simultaneously for assay of adenylyl cyclase activity, as described in
Experimental Procedures. A, Time course of recovery of the 1 0 MM

NECA-stimulated adenylyl cyclase response in isolated CHO-A2�AR cell
membranes after 24-hr desensitization. Data are pooled from four
experiments, with each data point representing the mean ± standard
error of three determinations. B, Dose-response curves for NECA-stim-
ulated adenylyl cyclase activity in membranes from ADA-treated controls
(0), 24-hr desensitized cells (S), or 24-hr desensitized cells allowed to
recover in agonist-free medium for 1 6 hr (0). The EC� values for NECA
in this experiment were 0.28 MM (control), 0.56 MM (desensitized), and
0.33 MM (resensitized). This experiment is one of two performed, which
produced identical results. C, Resensitization detected by immunoblot-
ting. CHO-A�AR cells were treated as described in B and subjected to
immunoblotting with affinity-purified TP/2 as described in Experimental

proven whether the phosphorylation of the receptor is indeed
responsible for the agonist-stimulated diminution in signaling

capacity of the A25AR, although the similarity between our data

and those reported in Ref. 37 might suggest that similar proc-
esses occur.

Long term treatment of CHO-A28AR cells with elevated
concentrations of NECA for up to 24 hr produced a slightly
larger reduction in A25AR function, compared with that seen

at 30 mm. However, unlike the short term desensitization

process, this second phase of A25AR desensitization was asso-

ciated with a dose- and time-dependent reduction in the levels
of immunoreactive A25ARs and, by 24 hr, a reduction in the
total number of agonist binding sites, as measured with [3H]

CGS21680. Moreover, unlike reversal from short term agonist

treatment, recovery from desensitization caused by long term

agonist exposure occurred over a period of several hours, rather

than a few minutes, further suggesting that the desensitization
mechanisms operative at 30 mm and 24 hr are distinct. Like

short term desensitization, adenylyl cyclase activation by flu-

oride and forskolin was unaffected, suggesting a defect at the

level of the A2aAR�Gs interaction. Interestingly, the reduced

affinity of the A25AR for [3H]CGS21680 observed after 30-mm

agonist exposure, which was associated with receptor phos-

phorylation, persisted after 24 hr. However, at the latter time

point receptor down-regulation appeared to be the dominant
mechanism, because recovery after long term agonist exposure

occurred over several hours, rather than the few minutes nec-
essary after short term treatment. Nevertheless, the disparity

between the NECA dose dependencies for receptor down-reg-
ulation and desensitization is most likely due to the fact that

multiple mechanisms appear to be responsible for desensitiza-

tion, such that when certain mechanisms are not fully mani-

fested (e.g., down-regulation) the contribution of others may

be sufficient to induce maximal desensitization. In this regard,
receptor sequestration, although not involved at early time
points, may play an increasingly significant role as total recep-

tor number decreases. However, this phenomenon is difficult

to investigate, because treatment for long periods with inhibi-

tors of sequestration adversely affects adenylyl cyclase respon-

siveness in these cells (40). It was also for these reasons that

we could not determine whether receptor sequestration was

required to observe down-regulation; more elegant cell biolog-
ical studies involving immunofluorescence and immunoelectron

microscopic techniques will be necessary to answer this ques-

tion.

The difference in the extent of receptor down-regulation as
determined by agonist binding versus immunoblotting is not

entirely unexpected. Previous studies on a2- and fl-adrenergic

receptor subtypes have similarly produced anomalous results
when comparing agonist and antagonist binding (48, 49).
Hence, whereas the $-adrenergic receptor agonist hydroxyben-

zylisoproterenol is a full agonist capable of completely and
competitively blocking antagonist binding, saturating concen-

trations of [3H]hydroxybenzylisoproterenol recognize only 60%

of the receptor complement identified in antagonist binding
studies (48). An analogous situation may be occurring in trans-

fected CHO cells, with [3H]CGS21680 being capable of identi-

Procedures. In this experiment, agonist treatment down-regulated recep-
tors to 28% of the control level. Subsequent recovery in the absence of
agonist increased receptor levels to 1 1 0% of the control value. This is
one of three immunoblots performed.
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TABLE 4

Expression of G protein subunits in membranes prepared from
cells after long term agonist exposure
CHO-A2.AR cells were treated with 0.3 unit/mI ADA in the absence (control) or
presence of 10 MM NECA for 24 hr. Membrane preparations were then subjected
to immunoblotting with the primary anthod�es described in Experimental Proce-
dures. The results are expressed as means ± standard errors for n experiments.

Gs� Expres�on n

% 0I control

Ge,. 115±12 4
G1.2 162±30 5
G�3 161 ± 28’ 5
fi subunits 90 ± 10 4

a Significantly different from control value (p < 0.05).

A

M�(kDa)

-Gja-2

c T EtOH Fsk

B 67_

M,4kDa)
45 -

-�Ia.3

36-

29-

24

c T EtOH Fsk

C
67 -

M�(kDa) � - G5a

45 -

36 -

29-
24

C

D
67 - �.:‘

M,4kDa) �i

45 -

36 - � - I�.Subunlts

29 -

24

20 -

C T

Fig. 7. Regulation of G protein subunits after long term desensitization.
CHO-A2AR cells were treated with 0.3 unit/mI ADA alone (C) or with 10
MM NECA (T), 1 0 MM forskolin (Fsk), or 0.1 % (v/v) ethanol vehicle (ETOH),
for 24 hr at 37#{176}.Membranes were then prepared for SDS-PAGE and
immunoblotting with the antisera described in Experimental Procedures
for detection of G�,2 (A), G�,3 (B), Ge,. (C), and f3 (D) subunits. For A and
B, 1 00 �g of membrane protein were loaded in each lane; for C and D,

75 Mg were used in each lane. These are representative comparisons;
composite data from several experiments are given in Table 4.

A

Mr(kDa)

B8
7

z 6
0

4 5

I-
C/)
0
-I
0
U.

2

67 -

45 -

G1a
36

29 -

24

. + . + 20 ng/mI PTx, 24 Hours

. - + + 1OpMNECA,24Hours

0

0

0 ‘

.9 -8 -7 -6 -5 -4 -3
Log [NECAJ (M)

Fig. 8. Effect of PTx treatment on A�AR desensitization. CHO-A2�AR
cells were treated for 24 hr at 37#{176}with or without 10 MM NECA, in the
presence or absence of 20 ng/ml PTx, before membrane preparation as
described in Experimental Procedures. A, After treatment of CHO-A2�AR
cells with or without PTx, 30 Mg of membranes from control and 24-hr
10 MM NECA-treated cells were subjected to PTx-catalyzed [�P]ADP-
ribosylation in vitro and labeled proteins were visualized by SDS-PAGE
and autoradiography. Using this approach, it was estimated that >90%
of � a subunits were ADP-ribosylated by a 24-hr incubation with 20 ng/
ml PTx. B, Dose dependence of NECA-stimulated adenylyl cyclase
activity in membranes prepared from cells treated with 20 ng/ml PTx
and 0.3 unit/mI ADA in the absence (0) or presence (S) of 10 MM NECA
for 24 hr at 37#{176}.This is one of three quantitatively similar experiments.

fying only a fraction of the total number of A28ARs expressed.

Therefore, the extent of down-regulation measured by agonist
binding may underestimate the total quantity lost. Alterna-
tively, it is possible that a desensitization-induced conforma-

tional change in the A2aAR diminishes the immunoreactivity

1092 Palmer et a!.
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of the receptor with the antibody. This would be unlikely,

however, because the membranes are solubilized and electro-

phoresed under denaturing conditions. The resolution of these
questions awaits the development of a selective, high affinity,

radiolabeled, A25AR antagonist.

An interesting phenomenon associated with long term A25AR
desensitization was the agonist-dependent up-regulation of G,,2

and G1�3. These changes in G protein expression did not directly

affect the ability of either fluoride or forskolin to stimulate

adenylyl cyclase activity under conditions in which the A2aAR

was desensitized. Also, treatment with PTx to inactivate G

proteins during agonist treatment did not diminish the agonist-

induced desensitization observed. Nevertheless, increased

expression of G a subunits provides a potential mechanism by

which the A25AR can modulate the signaling capacity of recep-
tors coupled to the inhibition of adenylyl cyclase activity;

analogous cross-regulation of the stimulatory and inhibitory

pathways of adenylyl cyclase has been described by us (15) and

others (17) in various model systems. Attempts to directly

determine whether the increased expression of G, a subunits

enhanced their ability to inhibit adenylyl cyclase were unsuc-

cessful, because we could not measure any detectable inhibition

of forskolin-stimulated activity by either GTP or nonhydrolyz-

able analogues (data not shown). Therefore it seems that, in

the absence of an activated G-coupled receptor, “tonic,” GTP-
dependent, receptor-independent functioning of G in CHO
cells is very low, unlike in adipocytes, where it is readily

observed under our assay conditions (50). This would also

explain why we did not observe a decrease in fluoride- or
forskolin-stimulated adenylyl cyclase activity after long term

agonist treatment.

In conclusion, we have demonstrated for the first time that

multiple, temporally distinct, processes are associated with the

phenomenon of A28AR desensitization. Short term agonist ex-
posure causes a rapid impairment of the receptor/G protein

interaction, leading to reduced A25AR-stimulated adenylyl cy-
clase activity. This is associated with reduced affinity of the
receptor for agonist, receptor phosphorylation, and sequestra-

tion of receptors into a light vesicle population. Long term

treatment leads to receptor down-regulation, recovery from
which takes several hours, and the elevated expression of
inhibitory G protein a subunits, which could potentially mod-

ulate the functioning of receptors coupled to other signal trans-

duction pathways.
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