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1 The A1-adenosine receptor (A1AdoR) reserve for N6-cyclopentyladenosine (CPA) mediated
inhibition of (7)isoprenaline stimulated cyclic AMP accumulation and stimulation of [35S]-
guanosine-5'-O-(thiotriphosphate) (GTPgS) binding, a measure of guanine nucleotide binding
protein (G-protein) activation, was determined in DDT1 MF-2 cells.

2 Inactivation of the A1AdoRs with the chemoreactive ligand 8-cyclopentyl-3-[3-[[4-(¯uorosulpho-
nyl)benzoyl]oxy]propyl]-1-propylxanthine (FSCPX) caused a progressive rightward shift of the
concentration-response curves for CPA to inhibit cyclic AMP accumulation, with a maximum of 10
fold increase in the EC50 value. In contrast, inactivation of A1AdoR's caused only a 1.7 fold
rightward shift in the CPA concentration-response for stimulation of [35S]-GTPgS binding.

3 The A1AdoR occupancy-response relationship for CPA inhibition of cyclic AMP accumulation
was hyperbolic with 43% receptor occupancy required to elicit the maximal response, i.e. a 57%
A1AdoR reserve. In contrast, the A1AdoR occupancy-response relationship for CPA mediated
stimulation of [35S]-GTPgS binding was linear indicating little or no receptor reserve for G-protein
activation. The relationship between CPA stimulation of [35S]-GTPgS binding and cyclic AMP
inhibition was also hyperbolic with 44% G-protein activation su�cient to cause maximal inhibition.

4 The data suggest that the A1AdoR reserve for CPA mediated inhibition of cyclic AMP
accumulation occurs at the level of G-protein interaction with adenylyl cyclase. However, each
A1AdoR appears to activate a constant fraction of the total G-protein population suggesting signal
ampli®cation at the receptor-G-protein level which may also contribute to the receptor reserve for
CPA.
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Introduction

The extent of receptor reserve, a measure of the receptor

e�ector coupling e�cency, is an important determinant of
cellular responsiveness to receptor agonists. The presence of a
receptor reserve indicates signal ampli®cation and the

magnitude of the reserve is dependent upon several factors
including the agonist, the cell and/or tissue preparation and the
response (Kenakin, 1993). Although not well studied, the
receptor reserve for a given agonist appears to be a dynamic

property involved in regulating tissue responsiveness (Nyborg,
1991; Brown et al., 1992). Several experimental approaches
have been employed to determine the presence and magnitude

of receptor reserve. For example partial receptor inactivation
using an irreversible antagonist had been used to estimate
agonist a�nity, which is subsequently used to construct the

relationship between receptor occupancy and response
(Furchgott & Bursztyn, 1967). Another approach has been to
directly relate agonist-mediated responses with receptor
number by varying the latter over a wide range with an

irreversible antagonist (Baker & Deyrup, 1994). The Ki/EC50

ratio for an agonist has also been used to indicate the absence

or presence of receptor reserve (Adham et al., 1993; Traynor &

Nahorshi, 1995; Breivogel et al., 1997).
Using irreversible antagonists, the receptor reserve for a

number of guanine nucleotide binding protein (G-protein)

coupled receptors such as the a and b-adrenoceptor (Ru�olo &
Yaden, 1984; Jasper et al., 1988), muscarinic (Brown &
Goldstein, 1986), dopamine (Meller et al., 1987), and serotonin
receptors (Adham et al., 1993) has been reported. Recently,

irreversible antagonists for the G-protein coupled A1-
adenosine receptor (A1AdoR) have been synthesized, pharma-
cologically characterized and thse ligands have been used to

estimate the receptor reserve for A1-mediated cardiac
electrophysiological responses (Jacobson et al., 1989; Dennis
et al, 1992; Scammells et al., 1994; Srinivas et al., 1997). The

importance of a receptor reserve for the A1AdoR is under-
scored by its contribution to the di�erential potency of
adenosine to activate the inward rectifying K+ current (IKAdo)
and inhibition of isoprenaline-stimulate L-type Ca2+ current

(ICa,L) in guinea-pig atrial myocytes (Srinivas et al., 1997).
However, the majority of studies on receptor reserve for G-
protein coupled receptors, including those for the A1AdoR,

have been limited in de®ning the relationship between receptor
occupancy and a response that is one or more steps
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downstream from the initial receptor occupancy and a
response that is one or more steps downstream from the initial
receptor-induced activation of a G-protein. Recently, agonist-

dependent binding of the hydrolysis resistant guanine
nucleotide [35S]-guanosine-5'-O-(-thiotriphosphate) ([35S]-
GTPgS) has been used to investigate receptor activation of
G-proteins in some cell and tissue membrane preparations

(Hilf et al., 1989; Gierschik et al., 1991; Lorenzen et al., 1993;
Traynor et al., 1995). In several studies, it was found that
signi®cant ampli®cation exists in that one receptor is capable

of activating several G-protein molecules (Gierschik et al.,
1991; Sim et al., 1996). Results of these studies suggest that the
measurement of agonist-dependent [35S]-GTPgS binding would

be useful to ascertain if receptor activation of G-protein
contributes to the overall receptor reserve.

In the present study, the relationship between A1AdoR

occupancy and the e�ect of the full A1AdoR agonist N6-
cyclopentyladenosine (CPA) to inhibit cyclic AMP accumula-
tion and to stimulate [35S]-GTPgS binding to G-proteins was
determined. This was accomplished by constructing concentra-

tion-response curves for CPA inhibition of (7)isoprenaline-
stimulated cyclic AMP accumulation and stimulation of [35S]-
GTPgS binding before and after irreversible A1AdoR

inactivation with the chemoreactive ligand 8-cyclopentyl-3-[3-
[[ 4 - (¯uorosulphonyl) benzoyl]oxy] propyl] - 1 - propylxanthine
(FSCPX) in DDT1 MF-2 (DDT) cells. These cells were found

to be a particularly useful model system for this study because
they express a relatively high density of A1AdoRs which are
coupled to the inhibition of adenylyl cyclase activity through a

mechanism requiring pertussis toxin sensitive G-proteins
(Gerwins et al., 1990; Ramkumar et al., 1990).

Methods

Cell culture

DDT cells were grown as monolayers in 150-mm petri dishes
using Dulbecco's Modi®ed Eagle's Medium (DMEM) contain-

ing 2.5 mg ml71 amphotericin B, 100 u ml71 penicillin G,
0.1 mg ml71 streptomycin sulphate and 5% foetal bovine serum
in a humidi®ed atmosphere of 95% air and 5% CO2. Cells were
subcultured twice weekly by dispersion in Hank's Balanced Salt

Solution (HBSS) without the divalent cations and containing
1 mM EDTA. The cells were then seeded in growth medium at a
density of 1.26125 cells per plate and experiments were

peformed 4 days later at approximately 1 day precon¯uence.

Cell pretreatments

Cell monolayers were rinsed twice with HBSS (2610 ml) and
incubated in 20 ml of HBSS per plate containing the indicated

concentrations of FSCPX for 20 min at 378C. At the end of the
incubation, the HBSS was aspirated and drug free HBSS (10
ml) was added. After 5 min, the solution was aspirated and
fresh drug free HBSS was added again. This cell washing

procedure was repeated 15 times to remove unbound FSCPX.
In some experiments, cells were preincubated with 100 nM
FSCPX two or three times as above with three wash cycles

between each drug exposure and 15 wash cycles after the last
exposure.

Membrane preparations

Attached cells were washed twice with HBSS (2610 ml),
scraped free of plate with the aid of a rubber policeman in 5 ml

of 50 mM Tris-HCl bu�er pH 7.4 at 48C and the suspension
homogenized with a Tekmar homogenizer at setting 4 for 10 s.
The suspension was then centrifuged at 27,000 6g for 10 min.

The pellet was resuspended in homogenization bu�er by
vortexing and centrifuged as described above. The ®nal pellet
was resuspended in one volume of 50 mM Tris-HCl bu�er pH
7.4 containing 5 mM MgCl2 for A1AdoR assays. For the [35S]-

GTPgS binding assay the ®nal pellet was resuspended in
50 mM Tris-HCl pH 7.4 containing (mM): MgCl2 5, NaCl 100,
and dithiothreitol 1. This membrane suspension was then

placed in liquid N2 for 10 min, thawed and used for assays.
The protein content was determined by the method of
Bradford (1976) using bovine serum albumin as standard.

Receptor binding assay

The A1AdoR number in DDT cell membranes was obtained by
determining the speci®c [3H]-8-cyclopentyl-1,3-dipropyl-
xanthine ([3H]-CPX) binding (Scammells et al., 1994). Brie¯y,
membranes (0.05 ± 0.2 mg protein) were incubated in a total

volume of 0.25 ml containing Tris-HCl bu�er (50 mM) pH 7.4,
MgCl2 (5 mM), 2 units ml71 adenosine deaminase, [3H]-CPX
(0.06 ± 5 nM), and with and without 1 mM cyclopentyltheophyl-

line (CPT) for 90 min at 258C. At the end of the incubation,
the suspensions were diluted with 3 ml of ice-cold incubation
bu�er. The suspension was then ®ltered under reduced

pressure using a Brandell cell harvester. The ®lters were
washed with a 6 ml of ice-cold bu�er, placed in a vial with 3 ml
of Scinti-Verse BD, and the radioactivity determined in a

scintillation counter. Speci®c radioligand binding to the
A1AdoR was calculated as the di�erence between total binding
in the absence of CPT and the nonspeci®c binding determined
in the presence of CPT.

[35S]-GTPgS binding assays

A1-agonist stimulated [35S]-GTPgS binding was determined by
a modi®cation of the method described by Gierschik et al.
(1991) and Lorenzen et al. (1993). Membranes (30 ± 50 mg
protein) were incubated in a volume of 0.1 ml containing
(mM): Tris-HCl bu�er 50, pH 7.4, MgCl2 5, NaCl 100,
dithiothreitol 1, 0.2 units ml71 adenosine deaminase, 0.5%
BSA, EDTA 1, 10 mM guanosine diphosphate (GDP), [35S]-

GTPgS (0.3 ± 0.4 nM) and with or without varying concentra-
tions of CPA for 90 min at 308C. Nonspeci®c binding was
determined by the addition of 10 mM GTPgS. Agonist

stimulated binding was determined as the di�erence between
total binding in the presence of CPA and basal binding
determined in the absence of CPA. In saturation experiments,

0.4 nM [35S]-GTPgS was incubated with 0.5 ± 10 nM cold
GTPgS. At the end of the incubation, each suspension was
®ltered and the retained radioactivity determined as described

above.
Although the binding of [35S]-GTPgS to puri®ed G-proteins

has been shown to be irreversible (Bokoch et al., 1984), in several
recent studies, agonist stimulated binding of this radioligand to

G-proteins in membranes has been reported to be largely
reversible (Breivogel et al., 1998; Yang & Lanier, 1999). This
suggests that in membranes the interaction of [35S]-GTPgS with

G-proteins is an equilibration process allowing the data to be
analysed by standard radioligand binding methods. However, it
should be pointed out that agonist stimulated [35S]-GTPgS
binding is complex partly because of the requirement for the
presence of GDP. Therefore, the calculated parameters of [35S]-
GTPgS binding (Bmax andKD) are to be considered apparent and
are used for relative comparisons.
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Cyclic AMP determinations

Monolayers of DDT cells were rinsed twice with HBSS

(2610 ml) and detached from the plate in 5 ml of HBSS by
gentle scraping with rubber cell scraper. The suspension was
centrifuged at 5006g for 5 min and the cell pellet was gently
resuspended in one volume of HBSS. Aliquots of the cell

suspension were then incubated in HBSS (0.5 ml total volume)
containing 50 mM rolipram, 1 mM (7)isoprenaline and varying
concentrations of CPA for 10 min at 378C. At the end of the

incubation, the suspensions were placed in a boiling water bath
for 5 min, cooled to room temperature and centrifuged at
13,0006g for 5 min. The cyclic AMP content of the

supernatant was determined by radioimmunoassay similar to
that described by Harper & Brooker (1975). An aliquot of the
supernatant (0.05 ml) was added to 0.05 ml of HBSS contain-

ing adenosine 3',5'-cyclic phosphoric acid 2'-O-succinyl[125I]-
iodotyrosine methyl ester (10,000 c.p.m.) followed by the
addition of 0.05 ml of H2O containing 0.1% BSA and anti-
cyclic AMP antibody (1:2000 dilution). The samples were

incubated at 48C for 18 h. At the end of the incubation, 70 ml
of a 50% (v v71) hydroxyapatite suspension in H2O was added
followed by a further incubation for 10 min at 48C. The

antibody/radioligand complex adsorbed to the hydroxyapatite
was retained on ®lters using the Brandel cell harvester. The
®lters were washed with 6 ml of ice-cold 10 mM Tris-HCl

bu�er pH 7.0 and the radioactivity determined in a gamma
counter. Nonspeci®c binding of the radioligand was deter-
mined in parallel assays that contained 0.1 mM cyclic AMP,

and was subtracted from the total binding. The amount of
cyclic AMP accumulated was calculated from a standard curve
using known amounts of cyclic AMP.

Data analysis

The concentration of agonists that inhibited (7)isoprenaline

stimulated cyclic AMP accumulation by 50% or stimulated
[35S]-GTPgS binding by 50% (EC50) were determined from
nonlinear regression analysis of the curves using the GraphPad

Prism program (GraphPad Software Inc., San Diego, CA,
U.S.A.). The KD and maximal binding (Bmax) values for the

radioligands were determined from nonlinear regression
analysis (GraphPad Prism) of saturation binding data and
presented in the form of Scatchard (1949) plots. The receptor

occupancy-response relationships were ®tted to a rectangular
hyperbola equation using nonlinear regression (GraphPad
Prism) and the receptor reserve for the maximal response,
de®ned as 90% of the maximum, was calculated from the

standard curve. Statistical analysis of the data was performed
using the Student's t-test and di�erences were considered
signi®cant if P50.05.

Materials

The radiochemicals [3H]-CPX (88 ± 120 Ci mmol71) and [35S]-
GTPgS (1100 ± 1300 Ci mmol71) were purchased from Dupont
NEN (Boston, MA, U.S.A.). CPA and CPX were from

Research Biochemicals (Natick, MA, U.S.A.). DMEM, HBSS
and foetal bovine serum were obtained from GIBCO (Grand
Island, NY, U.S.A.). DDT cells were from Americal Type
Culture Collection (Rockville, MD, U.S.A.). Rolipram was a

gift from Berlex Laboratories (Cedar Knolls, NJ, U.S.A.).
FSCPX was synthesized as described by Scammells et al.
(1994) and stock solutions (10 mM) were prepared in DMSO.

Adenosine 3',5'-cyclic phosphoric acid 2'-O-succinyl[125I]-
iodotyrosine methyl ester was prepared by the method
described by Patel & Linden (1988). All other chemicals were

purchased from Sigma Chemical Co. (St. Louis, MO, U.S.A.).

Results

Characteristics of CPA stimulated [35S]-GTPgS binding
in DDT cell membranes

Previous studies have shown that basal and agonist stimulated
[35S]-GTPgS binding is dependent upon the presence GDP

(Hilf et al., 1989; Gierschik et al., 1991; Lorenzen et al., 1993;
Traynor & Nahorski, 1995; Breivogel et al., 1998). In DDT cell
membranes, GDP reduced the basal level of [35S]-GTPgS
binding (0.3 nM) from 1424+9 fmol mg71 protein in the
absence of GDP to 11+3 fmol mg71 protein in the presence
of 100 mM GDP. Furthermore, there was little or no (510%)
CPA (1 mM)-mediated increase in [35S]-GTPgS binding above

the basal level in the absence of GDP (data not shown). As
depicted in Figure 1, there is a GDP concentration-dependent

Figure 1 E�ect of GDP on the CPA-stimulated component of [35S]-
GTPgS binding. DDT cell membranes were incubated with 0.3 nM
[35S]-GTPgS, 1 mM CPA and in the absence and presence of the
indicated concentrations of GDP for 90 min at 308C. Each point on
the graph is the mean+s.d. of triplicate determinations and is
representative of three separate experiments.

Figure 2 Time course of [35S]-GTPgS binding in the absence (7)
and presence (+) of CPA. DDT cell membranes were incubated with
0.3 nM [35S]-GTPgS, 10 mM GDP and in the absence and presence of
1 mM CPA at 308C for the times indicated. The net CPA stimulated-
component of [35S]-GTPgS binding is the di�erence between the
binding in the presence and absence of CPA. Each point on the
graph is the mean+s.d. of triplicate determinations and is
representative of three experiments.
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increase in CPA stimulated [35S]-GTPgS binding with a
maximum stimulation at 5 ± 10 mM of the guanine nucleotide.
At GDP concentrations higher than 10 mM, the CPA

stimulation of [35S]-GTPgS binding decreased. The less than
maximal stimulation of [35S]-GTPgS binding at the lower GDP
concentrations (0.1 ± 0.5 mM) may be underestimated if
maximal GDP binding required more than the 90 min

incubation used. Figure 2 shows the time course of CPA
dependent [35S]-GTPgS binding. Basal [35S]-GTPgS binding
increased over the 180 min incubation period and this time-

dependent increase was potentiated in the presence of CPA
(1 mM). The CPA stimulated component of [35S]-GTPgS
binding increased during the initial 80 ± 90 min of incubation

after which a binding plateau was attained.

E�ect of FSCPX on A1AdoRs in DDT cells

Table 1 summarizes the Bmax and KD values for [3H]-CPX
binding to the A1AdoR in DDT cell membranes before and
after pretreatment of cells with FSCPX followed by cell

washing. FSCPX caused a concentration-dependent decrease
in the number of A1AdoRs with a 39, 65, 78 and 83%
reduction after pretreatment with 0.5, 5, 50 and 100 nM

FSCPX, respectively. After three consecutive pretreatments
with 100 nM FSCPX the A1AdoR number was decreased by
91.5%. The KD value for [3H]-CPX binding to the A1AdoR did

not change with any of the FSCPX pretreatments. This data
indicates that FSCPX is an irreversible ligand for the A1AdoR
in DDT cells. Pretreatment of DDT cells with concentrations

of FSCPX up to 1 mM had no e�ect on (7)isoprenaline (1 mM)
or forskolin (1 mM) stimulated cyclic AMP accumulation.
Furthermore, the inclusion of 20 mM CPT during pretreatment
of DDT cells with 100 nM FSCPX prevented the loss of

A1AdoR's and did not change the concentration-response for
CPA to inhibit (7)isoprenaline stimulated cyclic AMP
accumulation or CPA-mediated [35S]-GTPgS binding (data

not shown).

E�ect of reducing A1AdoR content on CPA-mediated
cyclic AMP inhibition and stimulation of [35S]-GTPgS
binding

A representative concentration-response for CPA mediated

inhibition of (7)isoprenaline stimulated cyclic AMP accumu-
lation and stimulation of [35S]-GTPgS binding before and after
FSCPX pretreatment of DDT cells is depicted in Figure 3a,b,

respectively. From the concentration-response curves, the
pEC50's (EC50's) and maximal responses for CPA were
determined, and are presented in Table 2. With increasing

concentrations of FSCPX, the concentration-responses for
CPA mediated inhibition of cyclic AMP accumulation were
shifted progressively to the right. A maximal shift of
approximately 10 fold was achieved after pretreatment with

100 or 36100 nM FSCPX. The maximal inhibition of
(7)isoprenaline-stimulated cyclic AMP accumulation was not
changed in cells pretreated with 0.5 nM FSCPX but was

reduced by 10 and 16% in cells pretreated with 5 and 50 nM
FSCPX, respectively. The maximal e�ect of CPA was reduced
by 31 and 69% after pretreatment with 100 nM and 36100 nM

of the irreversible antagonist, respectively. The pEC50 for
CPA-stimulated [35S]-GTPgS binding in control cells was not
changed after pretreatment with 0.5 or 5 nM FSCPX.

However, after pretreatment with 100 nM FSCPX there was
a small decrease in the pEC50 for CPA (1.7 fold increase in
EC50). The maximal CPA-mediated stimulation of [35S]-GTPgS
binding was decreased by 39, 65 and 78% after pretreatment

with 0.5, 5 and 100 nM FSCPX, respectively. The CPA
(0.1 mM) mediated inhibition of (7)isoprenaline (1 mM)
stimulated cyclic AMP accumulation and stimulation [35S]-

Table 1 E�ect of FSCPX pretreatment on maximal speci®c
binding (Bmax) and KD of [3H]-CPX binding to A1-adenosine
receptors in DDT1 MF-2 cell membranes

FSCPX concentration Bmax KD

(nM) (fmol mg71 protein) (nM)

0 (control)
0.5
5.0
50
100
(36)100

417+12 (7)
263+30.2 (3)*
154+19.2 (4)*
96+3.0 (3)*
76+9.4 (4)*
37+2.3 (8)*

0.33+0.06
0.22+0.03
0.33+0.08
0.22+0.01
0.34+0.07
0.38+0.06

DDT cells were pretreated with the indicated concentrations
of FSCPX for 20 min at 378C, washed 15 times and the Bmax

and KD for [3H)-CPX binding to the A1-adenosine receptor
were determined. The (36)100 FSCPX pretreatment con-
sisted of three consecutive incubations with 100 nM FSCPX
and washing three times between treatments. Data are the
mean+s.e.mean. Values in parentheses are the number of
experiments. *P50.0005 compared to control.

Figure 3 E�ect of FSCPX on CPA-mediated inhibition of
(7)isoprenaline-stimulated cyclic AMP accumulation (a) and CPA-
stimulated [35S]-GTPgS binding (b). (a) DDT cells were incubated in
the absence (control) and presence of 0.5, 5, 50, 100 or 36100 nM
FSCPX for 20 min at 378C followed by 15 cell washes. The cells were
then incubated for 10 min in the presence of 50 mM rolipram, 1 mM
(7)isoprenaline and the indicated concentrations of CPA for 10 min
at 378C. At the end of the incubation, the cyclic AMP accumulated
was determined. Basal cyclic AMP accumulation in control cells was
13+4 pmol mg71 (mean+s.d., n=3). Data are the mean of triplicate
determinations and are representative of 4 ± 10 separate experiments.
(b) DDT cells were incubated in the absence (control) and presence
of 0.5, 5 or 100 nM FSCPX for 20 min at 378C. After 15 cell washes,
membranes were prepared and the concentration-response for CPA-
stimulated [35S]-GTPgS binding (0.3 nM) was determined. Basal [35S]-
GTPgS binding in control membranes was 146+8 fmol mg71 protein
(mean+s.d., n=3). Data are the mean of triplicate determinations
and are representative of 3 ± 10 experiments.
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GTPgS binding was completely prevented by the addition of
1 mM CPX (data not shown).

Figure 4a shows the concentration-dependence of GTPgS
binding in DDT membranes after pretreatment with 5 nM
FSCPX. These experiments were performed using a constant
concentration of [35S]-GTPgS (0.4 nM) and varying concentra-

tions of unlabelled ligand. In control membranes, basal GTPgS
binding increased as the concentration of ligand was increased
from 0.4 to 10.2 nM and this increase was potentiated in the

presence of 1 mM CPA. After pretreatment with FSCPX, basal
GTPgS binding was not altered but the binding in the presence
of CPA was reduced. Figure 4b shows a representative
Scatchard plot of the CPA-stimulated component of GTPgS
binding in DDT cell membranes before and after pretreatment
of the intact cells with FSCPX. Under the assay conditions
used, the Bmax was 4.3+0.2 (n=3) pmol mg71 protein in

control membranes. After preincubation of DDT cells with
5 nM FSCPX for 20 min followed by repeated cell washing, the
Bmax was reduced by 51% to 2.1+0.2 pmol mg71 protein

(P50.005). There was no change in the apparent KD value for
the CPA-stimulated component of [35S]-GTPgS binding
(control=0.63+0.03 nM, FSCPX pretreatment=0.72+0.07
nM). Based on the Bmax values for [

3H]-CPX and [35S]-GTPgS
binding the estimated ratio of A1AdoR to G-proteins before
and after pretreatment with 5 nM FSCPX are 10.3 and 13.3,
respectively.

Receptor occupancy-response relationships for CPA to
inhibit cyclic AMP accumulation and stimulate [35S]-
GTPgS binding

The relationship between receptor number and CPA-mediated

inhibition of (7)isoprenaline-stimulated cyclic AMP accumu-
lation and CPA-stimulated [35S]-GTPgS binding is depicted in
Figure 5. DDT cells were pretreated with varying concentra-
tions of FSCPX (0.1 ± 36100 nM) and washed to remove

unbound ligand. The maximal CPA (5 mM) inhibition of cyclic
AMP accumulation was determined in intact cells and the
A1AdoR content and maximal CPA-stimulated [35S]-GTPgS
binding was determined in cell membranes. As illustrated in
Figure 5, the relationship between A1AdoR occupancy and
inhibition of cyclic AMP accumulation is curvilinear,

indicating that to achieve the maximal response less than full

receptor occupancy by the agonist is required. The calculated
receptor reserve based upon 90% of the maximal response is

57%. On the other hand, the receptor occupancy-response
relationship for CPA-mediated stimulation of [35S]-GTPgS
binding is linear (linear regression analysis, r2=0.98) indicat-
ing that full receptor occupancy is required to achieve maximal

agonist-mediated [35S]-GTPgS binding (Figure 5). Similar to

Table 2 pEC50 values and maximal response for CPA inhibition of cylic AMP accumulation and stimulation of [35S]-GTPgS binding
in FSCPX pretreated cells

Cylic AMP inhibition [35S]-GTPgS binding
FSCPX CPA pEC50 Maximal CPA pEC50 Maximal
(nM) [EC50, nM] inhibition (%) [EC50, nM] stimulation (%)

0 (control)

0.5

5

50

100

(36)100

8.87+0.03 (10)
[1.4]

8.47+0.08 (4)*
[3.5]

8.13+0.08 (5)*
[8.1]

7.93+0.06 (4)*
[12]

7.88+0.13 (5)*
[15.1]

7.89+0.1 (4)*
[13.6]

79+1.6

75+0.9

71+3.9**

66+1.7*

54+6.8*

24+2.3*

8.11+0.03 (10)
[7.8]

8.19+0.08 (4)
[6.8]

8.03+0.2 (3)**
[12.6]
ND

7.89+0.07 (4)***
[13.2]
ND

219+9.3

155+10.9***

79+9.6*

ND

39+5.4*

ND

DDT1 MF-2 cells were pretreated with the indicated concentrations of FSCPX for 20 min at 378C, washed 15 times and the
concentration-response for CPA-mediated inhibition of (7)isoprenaline (1 mM) stimulated cylic AMP accumulation in cells and CPA
stimulation of [35S]-GTPgS binding in cell membranes were determined. The (36)100 FSCPX pretreatment consisted of three
consecutive incubations with 100 nM FSCPX and washing three times between treatments. Data are the means+s.e.mean. Values in
parentheses are the number of experiments. P50.0005, **P50.0025, ***P50.005 compared to respective control. ND, not determined.

Figure 4 Representative [35S]-GTPgS binding (a) and Scatchard plot
(b) of the CPA-stimulated [35S]-GTPgS binding component after
pretreatment with FSCPX. DDT cells were incubated in the absence
(control) or presence of 5 nM FSCPX for 20 min at 378C followed by
15 cell washes. Cell membranes were then prepared and the
concentration-dependence of [35S]-GTPgS binding, using cold GTPgS
with 0.4 nM [35S]-GTPgS, in the absence (basal) and presence of CPA
(5 mM) was determined. Points on the graph are means+s.d. of
triplicate determinations and are representative of three separate
experiments. In (b), the net CPA-stimulated [35S]-GTPgS binding is
shown as a Scatchard plot.

Differential A1-adenosine receptor reserve1160 S.P. Baker et al

British Journal of Pharmacology, vol 130 (5)



the occupancy-response relationship for the A1AdoR and

cyclic AMP inhibition, the relationship between the CPA
mediated stimulation of [35S]-GTPgS binding and cyclic AMP
inhibition is also curvilinear (Figure 6). The maximal

inhibition of cyclic AMP accumulation, de®ned as 90% of
maximum, is achieved when CPA-stimulated [35S]-GTPgS
binding reached 44% of the maximum.

Discussion

Results of the present study show a receptor reserve for CPA-
mediated inhibition of cyclic AMP accumulation but little or
no receptor reserve for CPA-stimulation of [35S]-GTPgS
binding in DDT cells. The experimental approach used was

to inactivate variable fractions of receptors using the
irreversible A1AdoR antagonist FSCPX (Scammells et al.,
1994; Srinivas et al., 1996). Thus, pretreatment of DDT cells

with FSCPX, followed by extensive washing, produced a
concentration-dependent decrease in maximal [3H]-CPX
binding without a change in a�nity of the radioligand for
the non-inactivated A1AdoR's, i.e. the remaining receptors.

This indicates that FSCPX acts as an irreversible antagonist
for the A1AdoR in DDT cells, a ®nding that is consistent with
the irreversible nature of this antagonist as previously reported

using brain and cardiac membranes (Srinivas et al., 1996; 1997;
Morey et al., 1998). The lack of e�ect of FSCPX on forskolin
or (7)isoprenaline-stimulated cyclic AMP accumulation

indicates that this chemoreactive ligand had little or no
nonspeci®c e�ects on the b2-adrenoceptor, stimulatory Gs

protein or adenylyl cyclase. Furthermore, pretreatment of

DDT cells with FSCPX in the presence of an excess of the
A1AdoR antagonist CPT, prevented the irreversible inactiva-
tion of the receptor and did not a�ect the subsequent e�ect of
CPA to inhibit cyclic AMP accumulation or basal and CPA-

stimulated [35S]-GTPgS binding. This indicates that FSCPX
did not a�ect the coupling or function of G-proteins associated
with the A1AdoR.

Pretreatment of DDT cells with relatively low concentra-
tions of FSCPX had no e�ect on the maximal CPA-mediated
inhibition of (7)isoprenaline-stimulated cyclic AMP accumu-

lation although the concentration-response curves were right-
ward shifted. With higher concentration of FSCPX the
maximal CPA mediated response was also reduced. This

pattern of e�ect using an irreversible antagonist is consistent
with the presence of a receptor reserve. Indeed, the relationship
between receptor number and maximal response for CPA was
curvilinear with 43% receptor occupancy necessary to achieve

the maximal response. Thus, for the agonist CPA, there is a
57% receptor reserve for the maximal response in DDT cells.
This receptor reserve was similar (64%) to that recently

reported for an irreversible A1AdoR agonist mediating an
inhibition of cyclic AMP accumulation in the same cells
(Zhang et al., 1997). In contrast to cyclic AMP inhibition, the

relationship between receptor number and CPA stimulated
[35S]-GTPgS binding was linear indicating that full receptor
occupancy is required to achieve maximal G-protein activa-
tion, i.e. there is little or no receptor reserve. This indicates that

the observed receptor reserve for the CPA-mediated inhibition
of cyclic AMP accumulation in DDT cells occurs at the level of
G-protein (or its subunits) interaction with adenylyl cyclase

rather than at the level of the interaction between the receptor
and the G-protein. This conclusion is supported by the
observation that the maximal inhibition of cyclic AMP

accumulation requires 44% of maximal G-protein activation.
Furthermore, based upon the Bmax values for [3H]-CPX
binding to the A1AdoR (0.417 pmol mg71 protein) and

CPA-stimulated [35S]-GTPgS binding (4.3 pmol mg71 pro-
tein), one A1AdoR appears to activate an estimated 10
molecules of a G-protein (ampli®cation factor). This ampli®ca-
tion of G-protein activation by each A1AdoR could increase

the number of G-protein-adenylyl cyclase interactions such
that a maximal inhibition of cyclic AMP can occur at
submaximal receptor occupancy. Our data therefore support

the original conjecture of Keen & Nahorski (1988) that the
receptor reserve for inhibition of adenylyl cyclase is actually a
G-protein reserve.

Similar to the data in the present report, a relatively high
ampli®cation factor for G-protein activation has been reported
for the chemotactic peptide receptor (1:20) in HL-60
granulocytes (Gierschik et al., 1991) and for the m-opioid

Figure 5 Relationship between A1AdoR number (per cent receptor
occupancy) and maximal CPA-mediated inhibition of cyclic AMP
accumulation and maximal CPA-stimulated [35S]-GTPgS binding.
DDT cells were pretreated in the absence and presence of 0.5, 1, 5,
50, 100, 26100 or 36100 nM FSCPX for 20 min at 378C followed
by 15 cell washings. The maximal A1AdoR-mediated inhibition of
cyclic AMP accumulation was determined by incubation of the cells
with 50 mM rolipram, 1 mM (7)isoprenaline and in the presence or
absence of CPA (5 mM). Cell membranes were prepared from
additional cells and the maximal CPA (5 mM)-stimulated G-protein
activation was determined by [35S]-GTPgS (0.3 nM) binding. The
A1AdoR content of the cell membranes was determined by speci®c
[3H]-CPX (5 nM) binding. Each point on the graph is the mean+
s.e.mean (n=4±12).

Figure 6 Relationship between maximal CPA-stimulated [35S]-
GTPgS binding and maximal CPA-mediated inhibition of (7)iso-
prenaline-stimulation of cyclic AMP accumulation. Data were taken
from Figure 5.
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(1:17) and d-opioid (1:22) receptors in the rat striatum (Sim et
al., 1996). On the other hand, a relatively low ampli®cation
factor for G-protein activation has been reported for the m-
opioid receptor (1:2) in SH-SY5Y neuroblastoma cells
(Traynor & Nahorshi, 1995) and for the muscarinic receptor
(1:2 to 3) in porcine atrial membranes (Hilf et al., 1989). In
several studies, the agonist Ki/EC50 ratio has been used to

indicate the presence or absence of a receptor reserve for G-
protein activation as determined by stimulation of [35S]-GTPgS
binding. Alt et al. (1998) reported that the Ki's for several mu-

opioid receptor agonists closely matched their EC50's for
stimulation of [35S]-GTPgS binding in rat C6 glioma cells
suggesting no receptor reserve. In contrast, the EC50 value for

[D-Ala2,MePhe4,Gly-ol5]enkephalin to stimulate [35S]-GTPgS
binding was 100 fold smaller than its Ki value for the m-opioid
receptor in SH-SY5Y cells indicating a large receptor reserve

for G-protein activation (Traynor & Nahorski, 1995).
Although in the above studies the Ki and EC50 values were
determined under similar conditions, there are two or more
agonist a�nity states for most G-protein coupled receptors

and it is unclear which state is relevant to the stimulation of
[35S]-GTPgS binding. For example, Lorenzen et al. (1993) ®rst
reported that the agonist high a�nity binding state of the

A1AdoR was identical to the EC50 for stimulation of [35S]-
GTPgS binding. However, in a more recent study, the agonist
low a�nity binding state of the A1AdoR more closely

correlated with G-protein activation (Lorenzen et al., 1996).
Therefore, it remains to be established which a�nity state of
the receptor is responsible for the stimulation of [35S]-GTPgS
binding. In the present study, the receptor reserve was
determined by varying the fraction of active receptors using
an irreversible antagonist. This experimental approach does
not require knowledge of the Ki of an agonist or which a�nity

state of the receptor is coupled to a response, and thereby
allows for a direct determination of the presence and
magnitude of a receptor reserve.

As indicated by the linear relationship between the A1AdoR
number and stimulation of [35S]-GTPgS binding, the ratio of
receptor and activated G-proteins remains relatively constant

as the receptor number is varied. This observation is consistent
with the A1AdoR and/or G-protein having restricted mobility
within the cell membrane. Although early experimental models
of G-protein coupled receptor activation mechanisms sug-

gested that these proteins and their e�ectors are freely mobile
within the membrane, increasing evidence now suggests that
the G-protein and receptors have highly organized and

restricted interactions (Neubig, 1994). In the case of the
A1AdoR, it has been reported that in some tissues there is a
tight interaction between the receptor and G-protein which is

resistant to uncoupling by guanine nucleotides and the
complex of the two proteins is retained upon protein
solubilization (Klotz et al., 1986; Stiles, 1988). More recently,

a membrane protein distinct from both the A1AdoR and G-
protein has been shown to stabilize the receptor G-protein
complex and may regulate signal ampli®cation (Nano� et al.,
1995). These observations suggest that the A1AdoR and/or its

coupled G-proteins have restrictions on their interactions
which may help to explain the ratio of one A1AdoR activating
a relatively constant number of G-proteins in DDT cells.

Potential limitations

It should be pointed out that the calculated ratio between
A1AdoRs and activated G-proteins is an estimate (*1:10) that

is likely to be a�ected by several factors. First, the analysis
assumes that all A1AdoRs in DDT cells are coupled to the
cyclic AMP inhibitory response. However, it is known that

activation of A1AdoRs in these cells also mediate phosphoi-
nositide metabolism (Gerwins & Fredholm, 1992). Although
to our knowledge there is no evidence for fractions of this
receptor exclusively coupling to either cyclic AMP inhibition

or another response, if this were the case, then the calculated
ratio of 10 ± 13 would be an underestimation. Second, DDT
cells have been shown to express Gai2 and Gai3 which may

mediate cyclic AMP inhibition (Gerwins & Fredholm, 1991). If
the CPA-stimulated [35S]-GTPgS binding involves G-proteins
not coupled to the inhibition of cyclic AMP then this may

result in an overestimation of the ratio between receptor and
G-protein. Thirdly, the cyclic AMP response was determined
in intact cells whereas the [35S]-GTPgS binding assay was

performed in membranes. The loss of cell integrity with
isolated membranes may restrict receptor-G-protein interac-
tions such that the ratio is underestimated. Alternatively, the
process of membrane preparation may remove mobility

constraints on receptors and/or G-proteins increasing the
probability of their interaction and leading to an over-
estimation of the ratio. Finally, receptor mediated ampli®ca-

tion of G-protein activation may be higher under physiological
conditions. In intact cells, GTP binds to and activates a G-
protein followed by inactivation due to hydrolysis to GDP

(Gilman, 1987). This cycling between active and inactive states
may allow a single receptor to repetitively activate a single G-
protein and thus further enhance the ampli®cation of the

signal. On the other hand, GTPgS is poorly hydrolyzable and
slowly dissociates from G-proteins (Pfeu�er & Helmreich,
1975; Breivogel et al., 1998) which may prevent or slow the
cycling between active and inactive states of the G-protein.

Thus, it is not clear to what extent agonist stimulated [35S]-
GTPgS binding accurately and quantitatively re¯ects receptor
activation of the G-protein population under physiological

conditions. Regardless of these limitations however, our results
indicate that each A1AdoR can activate more than one
molecule of a G-protein and that this ampli®cation remains

relatively constant over a wide range of active receptor
expression.

In summary, the data from the present study show that
there is a relatively large A1AdoR reserve for CPA-mediated

inhibition of cyclic AMP accumulation in DDT cells.
Although little or no receptor reserve was found between
A1AdoR occupancy and G-protein activation, each A1AdoR

appear to be able to activate a number of G-protein molecules.
This ampli®cation of G-protein activation appeared indepen-
dent of A1AdoR number and is likely to contribute to the

receptor reserve between the A1AdoR and inhibition of cyclic
AMP. It is well known that changes in the expression of
receptors and G-proteins can occur under a variety of

conditions. Therefore, the present data suggest that the
receptor:G-protein activation ratio, rather than independent
measurements of receptors and G-proteins, may prove to be
important in further understanding the regulation of cell

responsiveness to agonists.
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