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SUMMARY
In this study, desensitization and down-regulation of A1 aden-
osine receptors (A1AR) by the allosteric enhancer PD81 ,723
(PD) and by N�-cyclopentyIadenosine (CPA) were investigated
after 24-hr pretreatment of CHO-Ki cells stably expressing
recombinant human A1AR. Pretreatment with 20 �tM PD and 10
�M CPA caused a 1 .5- and 4.0-fold, respectively, desensitiza-
tion (reduced potency of CPA to lower cAMP). Pretreatment
with PD and/or CPA did not modify the acute effect of PD to
increase (5-fold) the potency of CPA. Radioligand binding was
used to measure receptor down-regulation in cell membranes
and in intact cells. Pretreatment of cells with PD had no effect
on the number of membrane binding sites for the agonist
[125l]N�-(3-iodo-4-aminobenzyl)adenosine or for the antagonist,
[�H]8-cyclopentyI-1 ,3-dipropylxanthine, but the binding of

these radioligands to intact cells was modestly reduced (20-
37%), possibly reflecting an effect of pretreatment on receptor
subcellular distribution. Pretreatment of cells with CPA pro-
duced large (>40%) reductions in the binding of radioligands to
both membranes and intact cells. Pretreatment of cells with
CPA also increased the number of presumed internalized re-
ceptors measured as �H]8-cyclopentyl-1 ,3-dipropylxanthine
binding sites in intact cells insensitive to blockade by the
charged antagonist 8-sulfophenyltheophylline. The relatively
small degree of functional desensitization and down-regulation
of A1AR caused by long term exposure of cells to PD is con-
sidered to be encouraging in terms of the therapeutic potential
of the allosteric enhancer class of compounds.

The purine nucleoside adenosine produces numerous phys-
iological actions that are mediated by G protein-coupled re-

ceptors (1). The adenosine receptors have been subclassffied

as A1, A2A, A2B and A3 based on molecular cloning, pharma-
cological, and functional characteristics (2, 3). A series of
2-amino-3-benzoylthiophene compounds, including PD, have

been found to increase agonist radioligand binding selec-
tively to A1AR in membranes prepared from brain (4), heart
(5), and transfected cells (6) and to enhance the functional
effects of A1AR activation in rat brain, FRTL-5 thyroid cells
(7), rat and guinea pig heart (8, 9), and CHO-K1 cells trans-

fected with recombinant human A1AR (6). PD apparently
acts by binding to an allosteric site distinct from the ortho-

static adenosine binding site to stabilize agonistJA1ARJG pro-
thin complexes (6). PD has no effect on ligand binding to rat
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or canine A2AAR, canine A3AR, or &-opioid, M2-muscarinic, or

a2-adrenergic receptors (4, 10).

The allostenc compounds are of interest because of their

unusual mechanism of action and because of the potential

clinical benefits of selectively enhancing the activity of

A1ARs at ischemic tissue sites where adenosine is produced
locally. A1A.R activation has been shown to produce protec-

tive effects in cardiovascular (11, 12), renal, gastrointestinal,

immune, and nervous tissues (13-15). Possible beneficial

effects of treating patients prone to ischemia with A1AR

agomsts may be limited by side effects and receptor desensi-

tization (16-19). In this study, we sought to determine

whether long term exposure of cells to PD causes desensiti-

zation. The results indicate that in comparison to CPA, PD

produces minimal desensitization of the cellular response to

CPA or down-regulation of A1ARs. Also, the allosteric action

of PD to enhance the cellular actions of CPA does not desen-

sitize.

ABBREVIATIONS: AR, adenosine receptor; ABA, N�-(4-aminobenzyl)adenosine; CPA, N�-cyclopentyladenosine; CPX, 8-cyclopentyl-1 ,3-dipro-
pylxanthine; DMSO, dimethylsulfoxide; HEPES, 4-(2-hydroxyethyl)1 -piperazineethanesulfonic acid, PD, 2-amino-4,5-dimethyl-3-thienyl-[3(triflu-
oromethyl)-phenyl]methanone (PD81 ,723 or LY202472); R-PIA, R-phenyl-isopropyladenosine; 8-SPT, 8-sulfophenyltheophylline; GABA, y-ami-
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Materials and Methods

Chemicals and supplies. HEPES, Tris, MgC12, and forskolin

were purchased from Sigma Chemical Co. (St. Louis, MO); R-PIA,
CPA, and CPX from Research Biochemicals (Natick, MA); adenosine
deaminase from Boehringer Mannheim (Mannheim, Germany);
DMSO from Fisher Scientific (Columbia, MD); and [3HICPX (110

Cilmmol) from DuPont-NEN (Boston, MA). PD was a gift from Rob-
ert F. Bruns (Lilly Research Lab, Eli Lilly, Indianapolis, IN). Human

A1AR stably transfected in CHO-Ki cells (American Type Culture

Collection, Rockville, MD) was generated in our laboratory by Anna

Robeva. ‘251-ABA was synthesized as described previously (20). Tis-
sue culture reagents were obtained from GIBCO (Grand Island, NY).

Cell culture. CHO-K1 cells stably expressing human A1AR were
grown to confluence onto 100-mm plates (Falcon Plastics, Oxnard,

CA) in F12 medium (GIBCO-BRL) supplemented with 10% fetal
bovine serum, 100 units/ml penicillin, 0.1 mg/ml streptomycin, and

0.5 mg/ml G-418 (GIBCO-BRL) in an atmosphere of95% air/5% CO2

at 37#{176}.Cells were seeded at 0.2-1 x i0� cells/cm2 and subcultured

after detachment with the use of trypsinlEDTA (0.05%/0.5 mr�i).
Pretreatment protocoi. Intact cells were pretreated with vehi-

cle (0.3% DMSO), 20 �M PD, and/or 10 �M CPA for 24 hr in Ham’s
F12 medium containing 1 unitlml of adenosine deaminase. Cells

were then washed, and intact cells or membranes were prepared for
binding or functional assays as described below. To ensure that the

compounds added during the pretreatment period were completely
washed out, cells attached to tissue culture plates were washed four

times. Intact cells in suspension or membranes were then prepared
and washed two more times. In some instances, 10 �M CPA was
added to cells just before washing to allow evaluation of the effec-

tiveness of the washing protocol. This failed to alter radioligand

binding to membranes, suggesting that the added CPA was effec-
tively removed. It is possible, however, that long term pretreatment

results in the uptake of some CPA and/or PD into a cellular com-

partment that is resistant to wash-out.
Membrane preparation. CHO-Ki cells expressing human A1AR

were harvested from culture dishes and membranes were prepared

as described previously (21). Membranes were resuspended in
HEPES/EDTA buffer (10 m� HEPES, 1 mM EDTA, pH 7.4) supple-

mented with 10% w/v sucrose and stored in aliquots (1 mg membrane
protein/mI) at -20#{176}.Protein was measured with the use of fluores-

camine fluorescence with bovine serum albumin standards (22).

Radioligand binding. For equilibrium binding assays, 0.01-0.1
mg ofmembrane protein was incubated in HEPES/EDTA buffer with

adenosine deaminase (1 unitiml) and radioligand (‘251-ABA or

[3H}CPX) for 2.5 hr at 21#{176}in a volume of 100 s.d. The bound and free
radioligands were separated with filtration through Whatman GF/C
ifiter paper using a Brandel tissue harvester (Gaithersburg, MD).

Binding assays were performed in triplicate and nonspecific binding
determined by adding 1 �ti�i CPX either before or at the same time as

radioligand. To measure dissociation kinetics, ‘251-ABA was bound to

equilibrium, and then 20 p.M R-PIA was added alone or in combina-

tion with PD for various times before filtration. The dissociation rate
was accelerated by raising the incubation temperature to 37#{176}.For
whole-cell binding, CHO-Ki cells expressing A1AR were pretreated
with PD and/or CPA for 24 1w, washed four times with ice-cold PBS,

and detached with cold PBS containing 5 mM EDTA. The cells were
then washed twice with cold PBS and resuspended in cold Dulbecco’s
modified Eagle’s medium containing 20 mM HEPES. Cells (100,000-

150,000) were incubated with adenosine deaminase (1 unitJml) and
radioligands for 2.5 hr on ice in a volume of 200 gil.

cAMP assays. cAMP determinations were made on cells in sus-
pension after their removal from plates by treatment with 5 mr�&
EDTA in PBS for 5-10 mm. Cells were washed twice with PBS and

resuspended at room temperature in serum-free Dulbecco’s modified
Eagle’s medium supplemented with 20 mM HEPES, pH 7.4, and 10

units/ml adenosine deaminase and pipetted into test tubes (50,000-

70,000 cells/0.2 ml, 21#{176}).Compounds (50 pi) were added at 5X the

final concentration, and the cells were incubated for 10 mm at 37#{176}

and then lysed by the addition of 500 j.il of 0.15 M HC1. Each tube

contained (final) 5 �r�i forskolin and 1 �M CPX. The CPX was added

to attenuate constitutive inhibition of adenylyl cyclase found in cells
overexpressing recombinant A1AR. CPA was added acutely at con-
centrations sufficient to overcome competitive blockade by CPX.

Data analysis. Binding parameters (Kd, Bm,�, K�, and IC50) were

fit by Marquardt’s (23, 24) nonlinear least-squares interpolation to
equations for one or multiple binding sites. Dissociation rates were

fit to a two-component exponential binding model. Statistical anal-
yses were performed by using the one-tailed paired Student’s t test.
The analysis of cAMP experiments was complicated by the fact that

pretreatment of cells with PD or CPA changed both control cAMP

levels and the potency ofCPA to reduce cellular cAMP. To determine
ifthese shifts were statistically significant, data sets from three sets

ofexperiments were pooled, fit to a four-parameter logistic equation,

and the resulting curves compared using sum of squares of fits to

separate and pooled data sets as described previously (25). The F
statistic evaluated at p < 0.05 was used to determine whether data
sets were fit significantly better by two curves than by one.

Results

Desensitization of cAMP inhibition. Activation of

A1ARs inhibits adenylyl cyclase activity (1). The functional
effects of pretreating cells with the allosteric compound, PD,

and/or the orthostatic agonist CPA on cAMP responses were
measured in intact CHO-K1 cells stably expressing recombi-

nant human A1AR. The concentration ofPD used was 20 �M,

which in previous studies with human A1AR produced max-

imal enhancement (6). After a 24-hr pretreatment period,

cells were washed and acutely exposed to forskolin and var-

ious concentrations ofCPA. The A1AR antagonist CPX (1 j.�M)

also was added acutely to attenuate constitutive activity of

the overexpressed recombinant receptors, a strategy similar

to the one used by Bruns and Fergus (26) to study PD re-

sponses in FRTL-5 thyroid cells. In the concentration range

of 10-1000 imi, CPA overcomes the competitive blockade of

cPx (Fig. 1). On desensitization, there was an increase in

control (i.e., the response of cells stimulated with forskolin
and no CPA) cAMP levels (Fig. 1, inset, Table 1). After pre-

treatment with PD, the concentration-response curve to CPA
was slightly (1.5-fold) shifted to the right (Fig. 1 and Table 1).
Pretreatment of cells with CPA caused a much larger (4.0-

fold) desensitization than did pretreatment of cells with PD.
Pretreatment of cells with PD and CPA produced a 1.5-fold
shift compared with CPA alone (p = NS).

In some experiments, cells were acutely treated with PD

after 24 hr of pretreatment with PD and/or CPA. The func-

tional effects of PD to acutely enhance the potency of CPA
were not diminished after such pretreatment. In all cases,
the acute addition ofPD shifted the CPA dose-response curve

by 4-5-fold (Fig. 2 and Table 1). These data suggest that the
allostenc effect of PD to enhance the action ofthe orthostatic
agonist CPA is not subject to desensitization.

Acute treatment of cells expressing recombinant A1ARs

with PD alone lowers control cAMP levels (Fig. 2). For exam-
ple, PD alone (without CPA) lowers cAMP by 40% (Fig. 2A).

In addition to altering the potency of CPA and elevating
control cAMP levels, desensitization has a third effect: to
diminish the ability ofPD alone to lower control cAMP levels.
In cells pretreated for 24 hr with a combination of PD and

CPA, the acute addition of PD alone no longer lowers control
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Fig. I . Effects of pretreatment conditions on the acute dose-response
curve of CPA to lower cAMP accumulation in CHO cells transfected
with human A1AR. Cells were pretreated for 24 hr with vehicle (0.3%
DMSO), PD (20 j.�M), CPA (10 j.�M), or PD + CPA in the presence of 1
unit/mI adenosine deaminase. The pretreated cells were washed with
PBS (three times) and incubated for 10 mm with 1 �M CPX, 10 units/mI
adenosine deaminase, 5 �M forskolin, and various concentrations of
CPA. Data are expressed as fraction of control (forskolin without CPA)
for each pretreatment condition. Inset, absolute cAMP accumulation
corresponding to four control responses. Points, mean ± standard

error of three experiments, each assayed in triplicate.

cAMP levels, but PD still acts to acutely increase the potency

ofCPA(Fig. 2D).

Membrane binding studies. We examined the effects of
pretreating cells with PD and/or CPA on the binding of ra-
dioligands to cell membranes. For these experiments, the

number of A1 receptors coupled to G proteins was estimated
from the binding ofthe agonist radioligand 1251-ABA, and the
total number ofreceptors was estimated based on the binding
of the antagonist [3H]CPX (27). Cells were preincubated un-

der conditions identical to those used to produce desensitiza-
tion, i.e., 20 p.M PD and/or 10 p.M CPA for 24 hr. In three
experiments, pretreatment with PD was found to have no

effect on the number of ‘25I-ABA binding sites or on the
radioligand KD (Fig. 3A and Table 1). Pretreatment of cells
with 10 �M CPA reduced the number of ‘25I-ABA binding
sites by >40%. The magnitude of receptor down-regulation

caused by pretreatment with 10 ,.tM CPA was unaffected by
the simultaneous addition of2O �.tM PD (Fig. 3A and Table 1).
As shown in Fig. 3B, the total number of {3HICPX binding

sites is not altered by pretreatment with 20 �tM PD alone

(Table 1). Pretreatment with CPA reduced the number of
[3HICPX binding sites by 29% (Fig. 3B and Table 1). The
magnitude of this CPA-induced down-regulation was unaf-
fected by the simultaneous addition of PD. The down-regu-
lation of [3H]CPX binding sites was not accompanied by any

change in the radioligand KD, suggesting that it is not caused

by failure to completely remove CPA used during the pre-
treatment protocol. Furthermore, the down-regulation per-
sisted when binding assays were conducted in the presence of
50 p�M GTPyS, which would reduce the affinity of receptors
for any residual CPA (data not shown). These data suggest
that pretreatment of cells with CPA acted to decrease the

number of receptors and not to mask some receptors as a

result of persistent high affinity binding.

Although PD had no effect on the magnitude of receptor

down-regulation produced by a high concentration ofCPA (10

�.tM), it seemed possible that PD might influence the concen-

tration dependence of CPA to cause receptor down-regula-

tion. To test this possibility, we wanted to determine the

effects of PD pretreatment on receptor down-regulation

caused by various concentrations of CPA. The addition of PD

for 24 hr with CPA failed to modify the CPA concentration

dependence of receptor down-regulation as evaluated
through agonist (Fig. 4A) or antagonist (Fig. 4B) radioligand

binding.

In previous studies, it has been shown that PD acts to

selectively decrease the rate of dissociation of agonists from

A1ARs (5, 6, 26). We next sought to determine whether pre-

treating cells with CPA and/or PD causes any change in

agonist dissociation kinetics or influences the acute action of

PD to slow agonist dissociation. The results are shown in Fig.

5 and summarized in Table 1. ‘251-ABA dissociation occurs in

two kinetically distinct components. The majority of binding

dissociates slowly, probably reflecting binding to high affinity

receptor/G protein complexes. In three experiments, the

acute addition of PD to membranes slowed the slow compo-
nent of ‘251-ABA binding by 2-2.5-fold. This acute effect of

PD was not changed by pretreatment of the cells with CPA
and/or PD for 24 hr.

Intact cell binding studies. In the studies described

above, it is notable that pretreatment of the cells with PD

produces a small functional desensitization (Figs. 1 and 2

and Table 1) that is not accompanied by a detectable change

in the parameters of radioligand binding to membranes

(Figs. 3-5 and Table 1). Pretreatment of cells with CPA

produces a large (4-fold) desensitization response (Fig. 1)

associated with relatively smaller changes in radioligand

binding parameters (Fig. 3). These data suggest that some

factor or factors that contribute to desensitization responses

in whole cells is lost or reversed on cell lysis. This prompted

us to conduct a series of experiments designed to determine

whether pretreatment ofcells with PD and/or CPA influences
the binding of radioligands to intact cells more than to bro-

ken cell membranes. Whole-cell binding assays were con-

ducted on ice to prevent possible reversal of the effects of

pretreatment during the course of the radioligand binding

assays. As shown in Fig. GA and Table 1, the total number of

A1 receptors measured on intact cells as [3HICPX binding

sites was reduced by 20% after pretreatment of the cells for

24 hr with PD. Pretreating cells with PD also significantly

reduced the number of high affinity ‘25I-ABA binding sites
measured in intact cells by 37% (Fig. 6B and Table 1). These

high affinity ‘25I-ABA binding sites represent only a small

proportion of the total receptor pool (< 1%), but it is striking

that the number of such sites is strongly influenced by PD

pretreatment. Pretreating cells with CPA produced a large

reduction (>75%) in the number of high affinity ‘25I-ABA

binding sites measured on intact cells (Fig. 6C and Table 1).

We next sought to determine whether pretreatment of cells
with PD and/or CPA modifies the distribution of receptors

between the cell surface and an internalized compartment.

We reasoned that due to its lipophilic character, [3HICPX will
label the cell surface and internalized receptors, whereas the

charged compound 8-SPT will be selectively accessible to
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TABLE 1
Effects of pretreatment of CHO-Ki cells stably transfected with recombinant human A1 adenosine receptors on cellular CAMP
accumulation and radioligand binding parameters

A t nCu e respo se Not retr at dp e e
‘� (20 �u)

pretreatment
CPA (10 �
pretreatment

PD + CPA
pretreatment

Whole-cell functional studies: cAMP
accumulation, response to
CPAC

IC50 without PD (nM)
IC50 with PD (nM)

Control cAMP (pmol/1 06 cells)

82 � 9
18.6 ± 4.8

109 ± 10

1 27 ± 1 3C

33.8 ± 15.4c
159 ± 1 1 3C

331 ± 56d

55 f 12d

275 ± 31

486 ± 86d

113 ± 13c.d

335 ± 42
rH]CPX binding to membranes

Bm� 6,699 ± 603 6,595 ± 569 4,749 ± 505c� 4,559 ± 4g1d

Kd
1251ABA binding to membranes

1 .97 ± 0.387 1 .93 ± 0.28 1 .59 ± 0.36 1 .8 ± 0.266

Bm� 992 ± 237 1,084 ± 239 567 ± 193d 596 ± 184d

Kd

T’�2 of 125l-ABA dissociation (mm)
1.1 ± 0.27 0.85 ± 0.12 0.776 ± 0.1 1.1 ± 0.247

Without PD 13 ± 3.9 13 ± 0.64 14 ± 0.8 14 ± 3.3
With PD#{176} 30 ± 4.8 30.7 ± 1 1 37.4 ± 6.4 34.5 ± 4.3

rH]CPX binding to whole cells
Bm� 1 0,253 ± 1 498 8,228 ± 808C
Kd

125l-ABA binding to whole cells
Bm�,,

2.42 ± 0.67

60 ± 29

1.65 ± 0.29

38 ± 19C 14.6 ± 0#{149}7d 11.7 ± 1.3d
Kd

Competition rHICPX with 8-SPT
1.3 ± 0.5 1.1 ± 0.23 0.94 ± 0.52 0.45 ± 0.21

% lntemalizedb 12.3 ± 3.5 14 ± 5 17.6 ± 6d 19 ± 5d

a After a 24-hr pretreatment period, cells were washed and acutely exposed to forskolin, CPA, and/or PD as described in Materials and Methods. The acutely treated

cells also were treated with 1 �M CPX to minimize differences between groups in control cAMP levels. The CPA added was sufficient to overcome the competitive
blockade by 1 �.tM CPX. Concentration-response curves with fit to a four-parameter logistic equation to data pooled from triplicate experiments. Standard errors of
parameter values are listed.

b lntemalization was estimated as the percentage of specific whole cell 1�H]CPX binding that is insensitive to blockade by 8-SPT.
C Significantly different than control (p < 0.05) for the effect of PD by the F test or the paired one-tailed Student’s t test.
d Significantly different than not pretreated (p < 0.05).

Fig. 2. Effect of PD on the dose-dependence of
CPA to modify cAMP accumulation in CHO cells
after various pretreatments. Cells pretreated as de-
scribed in legend to Fig. 1 were washed and incu-
bated without (W/O) or with (W) PD (20 �M) for 10
mm with 10 units/mI adenosine deaminase, 1 �tM

CPX, 5 �M forskolin, and various concentrations of
CPA. Data are expressed as fraction of control
(forskolin without CPA or PD) for each pretreatment
condition. Points, the mean ± standard error of

three experiments, each assayed in triplicate.
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A1AR. The cells were pretreated for 24 hr with vehicle (0.3% DMSO, #{149}),
PD (20 LM, #{149}),CPA (10 )LM, #{149}),or PD + CPA (A) in the presence of 1
unit/mI adenosine deaminase and washed, and membranes were iso-
lated for radioligand binding. Untransformed specific binding and Scat-
chard transformed (inset) binding isotherms are shown. Values are
mean ± standard error of specific binding pooled from three indepen-
dent experiments, each assayed in triplicate. Binding parameters are
summarized in Table 1.
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receptors on the cell surface. Therefore, we defined specific

[3HICPX binding to intact cells that is insensitive to displace-

ment by a saturating concentration (1 mM) of 8-SPT as an

internalized pool. As shown in Fig. 7 and Table 1, this pool

represents 12% of the total number of receptors in cells not

pretreated with CPA (Fig. 7). Pretreatment of cells with 10

�M CPA for 24 hr increased the proportion ofthe internalized
receptor pool. Pretreatment with PD did not significantly

increase the proportion of internalized receptors in the ab-

sence or presence of CPA.

Fig. 4. Effect of PD (20 p.M) on CPA-induced down-regulation of A1AR.
CHO cells expressing A1AR were pretreated for 24 hr with different
concentrations of CPA without (#{149})or with (U) PD (20 �M) and washed,
and membranes were isolated for 1251-ABA (A) and rH]CPX (B) radio-
ligand binding. Data are expressed as percentage of specific binding
obtained from cells not pretreated with CPA and are mean ± standard

error of specific binding pooled from three independent experiments,
each assayed in triplicate.

Discussion

Allosteric enhancers of receptors are defined as compounds
that potentiate responses to orthostatic agonists. An example
of a well characterized class of compounds that is thought to
act allosterically is the benzodiazepines, including diazepam.

These compounds are enhancers of GABAA receptors. They
potentiate the response to GABA by stabilizing a high affin-
ity state of the receptor and shifting the dose-response curve
of GABA to the left (28). The clinical advantages of allosteric

enhancers over agonists is illustrated by the fact that benzo-
diazepines have relatively few side effects and are used din-

ically. In contrast, direct-acting GABAA agonists produce

numerous side effects and are not used clinically.
The 2-amino-3-benzoylthiophene �compounds such as PD

may be useful for enhancing the protective effects of adeno-

sine mediated by A1 adenosine receptors. This approach is

particularly attractive as a therapeutic strategy because
adenosine is elevated selectively in hypoxic areas of ischemic
tissues. Allosteric enhancers might be used chronically to

treat ischemic diseases if the effects of these compounds are
not subject to desensitization. In this study, we demonstrated

that long term exposure of cells to PD does not produce
desensitization to its allosteric action. Thus, the acute effect
of PD to shift the CPA dose-response curve to the left by
4-5-fold was not significantly influenced by pretreatment of
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Fig. 5. Effect of PD on the kinetics of dissociation of

1251ABA from membranes of CHO cells after various

pretreatments. CHO cell membranes pretreated for 24 hr
with vehicle (0.3% DMSO), PD (20 MM), CPA (1 0 SM), or

5 PD + CPA in the presence of 1 unit/mI adenosine deami-
nase were incubated with 125l-ABA (0.5 nM) for 1 hr at 37#{176}.
R-PIA (20 pM) without (W/O) or with (1%’)PD (20 tiM) was

added for various times before filtration. Specific binding
is normalized to binding at equilibrium. Data are from a
single experiment that was repeated three times with
similar results. The dissociation rates are summarized in
Table 1.
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cells with PD and/or CPA. Also, the effect of PD to slow the
kinetics of agonist dissociation from receptors, a sensitive

index of the allosteric response (2), was not affected by the
various pretreatment conditions. Pretreatment of cells with
PD also produced minimal desensitization to an orthostatic

agonist, CPA.

A disadvantage of using recombinant cells to investigate
desensitization and down-regulation responses is that recom-

binant receptors may not be normally regulated. However, in

this study, we showed that the orthostatic agonist CPA pro-

duces desensitization and down-regulation that are typical of
native adenosine receptors of tissues or cultured cells (16-
19). The advantages of using recombinant receptors is that

overexpressed receptors are homogeneous, human receptors
can be characterized, and receptors can be quantified with
great precision because of their high abundance.

As an initial functional assay for allosteric enhancers of A1

adenosine receptors, Bruns and Fergus (4, 26) demonstrated
that these compounds cause a leftward shift in the dose-

response curve of CPA to inhibit forskolin-stimulated cAMP

accumulation in FRTL-5 rat thyroid cells. In addition to

shifting the CPA curve to the left, the enhancers lower cAMP

in the absence of CPA. In accordance with one of the models

of allosterism reviewed by Monod et al. (29), Bruns and
Fergus (4) proposed that the 2-amino-3-benzoylthiophenes

may behave as agonists except that they bind to an allosteric

site distinct from the orthostatic adenosine binding site. Ac-

cording to this model, aJlostenc enhancers potentiate the

response to orthostatic agonists. The fact that PD produces
little desensitization by itself is consistent with the possibil-

ity that it acts as a weak agonist.
It is notable that despite potentiating the action of CPA to

lower cAMP, PD did not potentiate CPA-induced desensiti-
zation. PD increases agonist binding to human A1AR by
increasing agonist binding affinity and by enhancing cou-
pling of receptors to G proteins (6). This is manifested as an
increase in the proportion ofreceptors found in a high affinity

state and apparently results in a more efficient activation of
G proteins than is produced in the absence of the enhancer.

The fact that the enhancer produces little effect by itself and

does not substantially increase down-regulation or desensi-

tization induced by CPA suggests that the conformation state
of the receptor that activates G proteins is not selectively

targeted for down-regulation. This is consistent with the
notion that it is receptors uncoupled from G proteins that are
subject to phosphorylation by G protein-coupled receptor ki-
nases and become internalized (30). PD did produce a modest
desensitization associated with minor changes in radioligand

binding parameters that could be detected in intact cells but
not in cell membranes. Because PD enhances both the con-

stitutive activity of recombinant receptors and the actions of
the orthostatic agonist CPA, PD apparently is capable of
triggering some G protein activation, even in the absence of
CPA. This will result in the generation of some free f3y
subunits, which in turn may produce some receptor down-

regulation and desensitization by causing a fry-mediated in-
crease in G protein-coupled receptor kinase activity (31).

In this study, PD lowered cAMP in the absence of an
orthostatic agonist. A similar effect of PD was noted prey-

ously in cultured thyroid cells (4). This could occur because
PD is a partial agonist, because PD enhances the intrinsic

activity of A1AR, or because PD augments the action of a low
level of adenosine present in cells that is not completely

removed by the addition of adenosine deaminase. The fact
that competitive antagonists such as CPX antagonize this

direct action of PD does not distinguish among these possi-
bilities. It is notable, however, that PD alone has little func-

tional effect on tissues, possibly because the density of A1AR
is relatively low (5). A small degree of intrinsic activity by

unliganded receptors could take on increased significance in
recombinant as opposed to wild-type systems due to the
expression of very large numbers of receptors. We show here

that this intrinsic effect of PD is diminished after CPA-
induced desensitization.
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Fig. 6. Effects of pretreatment conditions on the equi-
librium binding of rH]CPX (A) or 125I-ABA (B and C) to
intact CHO cells. Cells were pretreated for 24 hr with

I vehicle (0.3% DMSO), PD (20 �M), CPA (10 �.u�i) or PD +

l� CPA in presence of 1 unit/mI adenosine deaminase;
�g washed; and used for radioligand binding on ice. Un-
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standard error from a single experiment assayed in trip-
licate. Similar results were obtained in three experiments.
Binding parameters are summarized in Table 1.
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Pretreatment of cells with PD produced a small degree of

desensitization and some changes in the binding of radioli-
gands to intact cells. It is striking, however, that pretreat-
ment with PD failed to influence radioligand binding to bro-
ken cell membranes. These data suggest that PD produces
some modification of receptors that is not preserved on cell
lysis. Another possibility is that PD has a selective effect on

an internalized compartment of receptors that is disrupted
when cells are lysed. Prolonged treatment of cells with CPA

produced changes in radioligand binding characteristics to

intact cells and membranes. Reduced radioligand binding to
membranes most probably reflects down-regulation of recep-
tor number. Such changes in receptor number likely contrib-
ute to the substantial functional desensitization produced by
long term exposure of cells to CPA. The interpretation of
changes in radioligand binding to intact cells is more com-
plex. When considering the effect of pretreating cells with

CPA on radioligand binding to intact cells, it seems possible
that some of the changes might be due to a slowly reversible
uptake ofCPA into an internalized compartment of receptors
that serves to mask radioligand binding to these sites. It is
significant in this regard that whole-cell, but not membrane

VehIcle PD CPA PD+CPA
Pretreatment

Fig. 7. Effects of pretreatment conditions on the competition by 8-SPT
for rH]CPX binding to intact cells. Percent intemalization is defined as
percentage of specific [�H]CPX binding sites not displaced by 1 m�
8-SPT in intact CHO cells expressing A1AR. Cells were preincubated
for 24 hr with vehicle (0.3% DMSO), PD (20 SM), CPA (1 0 SM), and PD
+ CPA. Bats, mean ± standard error of three experiments, each

assayed in triplicate. Data are summarized in Table 1.
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binding assays, were conducted on ice to prevent possible

reversal of down-regulation responses during the incubation

of intact cells with radioligands. The cold temperature may
have retarded the washout of compounds from internalized

receptor compartments and/or reduced the accessibility of
radioligands to internalized receptors. On the other hand,

there apparently is a CPA-induced receptor internalization
manifested as an increase in the proportion of specific

[3HJCPX binding to intact cells that is insensitive to blockade

by the charged compound 8-SPT. PD and endogenous aden-
osine may also gain access to internalized binding sites dur-

ing long term incubations. This might account for the curious

observation that long term pretreatment with PD reduces

the number of [3H]CPX binding sites on intact cells but not
on cell membranes. It is likely that the small amount of

desensitization caused by long term exposure of cells to PD is
associated with some redistribution of receptors into a pool
that, for some reason, has limited access to radioligands.

In summary, in this study, we demonstrated that long

term exposure of intact cells to the allosteric enhancer PD
produces a small desensitization response that is also man-
ifested by some subtle changes in radioligand binding to

intact cells but not to cell membranes. In contrast, long term
pretreatment with the orthostatic agonist CPA produces a
much larger desensitization and down-regulation responses.

The minimal desensitization caused by PD is viewed as en-
couraging in terms of the therapeutic potential of A1 adeno-

sine receptor enhancer compounds.
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