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1 The present study describes for the ®rst time the characterization of the adenosine A2A receptor in
human lymphocyte membranes with the new potent and selective antagonist radioligand, [3H]-5-amino-7-
(2-phenylethyl)-2-(2-furyl)-pyrazolo [4,3-e]-1,2,4 triazolo [1,5-c] pyrimidine, ([3H]-SCH 58261). In
addition, both receptor a�nity and potency of reference adenosine receptor agonists and antagonists
were determined in binding and adenylyl cyclase studies.

2 Saturation experiments revealed a single class of binding sites with Kd and Bmax values of 0.85 nM and
35 fmol mg71 protein, respectively. A series of adenosine receptor ligands were found to compete for the
binding of 0.8 nM [3H]-SCH 58261 to human lymphocyte membranes with a rank order of potency
consistent with that typically found for interactions with the A2A-adenosine receptor. In the adenylyl
cyclase assay the same compounds exhibited a rank order of potency similar to that observed in binding
experiments.

3 Thermodynamic data indicate that [3H]-SCH 58261 binding to human lymphocytes is entropy and
enthalpy-driven, a ®nding in agreement with the thermodynamic behaviour of antagonists for rat striatal
A2A-adenosine receptors.

4 It is concluded that in human lymphocyte membranes [3H]-SCH 58261 directly labels binding sites
showing the characteristic properties of the adenosine A2A-receptor. The presence of A2A-receptors in
peripheral tissue such as human lymphocytes strongly suggests an important role for adenosine in
modulating immune and in¯ammatory responses.
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Introduction

Adenosine, acting via speci®c cell surface receptors, modulates
a number of physiological functions. Adenosine receptors have
been classi®ed into A1, A2A, A2B and A3 subtypes. All of these
receptor subtypes have the structural features of receptors
linked to G-proteins and positively (A2A and A2B) or negatively
(A1 and A3) coupled to adenylate cyclase (Van Calker et al.,
1979; Fredholm et al., 1994; Linden et al., 1994). In the per-
iphery, A2A-receptors are localized in di�erent organs and
tissues, including platelets (Dionisotti et al., 1996), neutrophil
leukocytes (Fredholm et al., 1996) and vascular smooth cells
(Belardinelli et al., 1996). In the central nervous system, A2A-
receptors have long been characterized with the non-selective
receptor agonist [3H]-NECA (5'-N-ethylcarboxamidoadeno-
sine). However, this agonist binds to di�erent states and/or
subtypes of the adenosine receptors as well as to other non-
speci®c proteins, such as adenotin (Schwabe et al., 1993). Over
the last few years the availability of the A2A-receptor agonist
[3H]-CGS 21680 (2-[p-(2-carboxyethyl)-phenethyl-amino]-5'-
N-ethyl-carboxamidoadenosine) (Jarvis et al., 1989) has made
possible the pharmacological characterization of A2-receptors
leading to the separation of two distinct A2A- and A2B-receptor
subtypes (Ongini & Fredholm, 1996). This ligand has been
widely used to characterize A2A-binding sites on striatal
membranes and recent data suggest that CGS 21680 also labels
the A2A-receptors present on human puri®ed platelet mem-
branes (Varani et al., 1996). However, CGS 21680 has been
shown to label non-A2A binding sites in the rat brain (Lind-
stroÈ m et al., 1996). Moreover it is an established concept that
in binding studies the use of antagonist radioligands is usually
preferred because of a variety of advantages over receptor

agonists. Recently, important progress has been made with the
development of selective A2A-receptor antagonists having an
interesting pharmacological pro®le (Ongini & Fredholm,
1996). One of them, the non-xanthine compound 5-amino-7-
(2-phenylethyl)-2-(2-furyl)-pyrazolo [4,3-e]-1,2,4-triazolo-[1,5
c]-pyrimidine (SCH 58261), a new potent and selective A2A

antagonist (Baraldi et al., 1994), has been widely characterized
in a variety of binding and functional assays (Zocchi et al.,
1996a). The tritium-labelled form, [3H]-SCH 58261, has been
found to label A2A-receptors in the brain (Zocchi et al., 1996b),
in peripheral tissue membranes such as porcine coronary ar-
teries (Belardinelli et al., 1996), human platelets (Dionisotti et
al., 1996) and human cloned receptors transfected in mam-
malian cells (Dionisotti et al., 1997). Adenosine has been found
to stimulate adenosine 3':5'-cyclic monophosphate (cyclic
AMP) accumulation in human peripheral blood lymphocytes
(Bonnafous et al., 1982), suggesting the presence of adenosine
A2A-receptors on these immune system cells. The ability of
various adenosine analogues to increase cellular content of
cyclic AMP was correlated with the inhibition of lymphocyte
cytotoxicity and the modulation of lymphocyte function by
suppressing or dampening of the immune response. However,
adenosine is also being investigated in a number of alternative
indications including the in vitro destruction of tumour cells.
For example, cladribine which is an adenosine deaminase-re-
sistant analogue of deoxyadenosine, has recently gained status
in the treatment of various leukaemias and lymphomas (Car-
rera et al., 1994). The present paper describes the characteri-
zation of A2A-adenosine receptors in human lymphocytes by
using the selective A2A-antagonist [

3H]-SCH 58261. Moreover,
the abilities of typical agonists to increase the cyclic AMP in-
tracellular levels and the potency of a series of antagonists in
inhibiting NECA stimulated adenylyl cyclase activity have
been evaluated. Finally, with the aim of obtaining new insights
into the forces driving the coupling of A2A human lymphocyte
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receptors with a selective ligand, a thermodynamic analysis of
[3H]-SCH 58261 binding has been performed and the enthalpic
(DH8) and entropic (DS8) contribution to the standard free
energy (DG8) of the binding equilibrium were determined.

Methods

The cell preparations were isolated from heparin-treated per-
ipheral blood (100 ± 200 ml) from healthy human volunteers as
described below:

Lymphocyte membrane preparation

Blood was centrifuged on Ficoll-Hypaque density gradients by
the method of Boyum (1968). The mononuclear leukocytes
fraction contained approximately 85% small lymphocytes,
13% monocytes, and less than 2% polymorphonuclear leu-
kocytes by morphological criteria in TuÈ rk's solution. Mem-
branes for binding studies were prepared essentially according
to the method of Aarons et al. (1980). Mononuclear leukocyte
fractions isolated were removed from the Ficoll-Hypaque
gradients, washed in 0.02 M phosphate-bu�ered saline, pH 7.2
containing 5 mM MgCl2 and 0.15 mM CaCl2 (PBS) and passed
twice over a nylon mesh column. This procedure, designed to
remove monocytes and polymorphonuclear leukocytes, which
adhere to the nylon mesh, resulted in a puri®ed lymphocyte
preparation containing at least 99% small lymphocytes iden-
ti®ed by morphological criteria. After centrifugation at 400 g
for 15 min at 48C, the mononuclear cell pellets were resus-
pended in ice-cold glass distilled H2O and centrifuged at
20,000 g for 10 min at 48C. The supernatant was discarded and
the pellet resuspended in 40 ml of ice-cold glass distilled H2O
and allowed to stand on ice for 60 min to ensure adequate
lysis. The preparation was centrifuged at 20,000 g for 10 min
and the resulting pellet was resuspended in 50 mM Tris-HCl
(pH 7.4 at 258C) at a concentration of 100 ± 150 mg protein
100 ml71 and this homogenate was used for the assay of [3H]-
SCH 58261 binding. The protein concentration was deter-
mined according to a Bio-Rad method (Bradford, 1976) with
bovine albumin as reference standard.

Lymphocyte isolation

Lymphocytes were isolated from heparin-treated blood ac-
cording to the method of Boyum (1968). These cells were re-
moved from the gradients and washed in 20 ml of PBS. After
centrifugation at 400 g for 15 min, the pellet was resuspended
twice in the same volume of PBS and was centrifuged at 400 g
for 10 min. The ®nal pellet was resuspended in PBS at a
concentration of 106 cells ml71. This cell suspension was used
for measurement of cyclic AMP levels.

[3H]-SCH 58261 binding assay in the lymphocyte
membranes

Binding assays were carried out according to Dionisotti et al.
(1996). In saturation studies, lymphocyte membranes were in-
cubated with 8 to 10 di�erent concentrations of [3H]-SCH
58261 ranging from 0.08 to 8 nM. Inhibition experiments were
carried out in duplicate in a ®nal volume of 250 ml in test tubes
containing 0.8 nM [3H]-SCH 58261, 50 mM Tris HCl bu�er,
10 mM MgCl2, pH 7.4 and lymphocyte membranes (150 mg
protein/assay) and at least 8 ± 10 di�erent concentrations of
typical adenosine agonists and antagonists. Inhibitory binding
constant, Ki, values were calculated from those of IC50 ac-
cording to the Cheng & Pruso� equation (Cheng & Pruso�,
1973), Ki=IC50/(1+[C*]/Kd), where [C*] is the concentration
of the radioligand and Kd its dissociation constant. Non-spe-
ci®c binding was de®ned as binding in the presence of 10 mM
NECA and was about 30% of total binding. Incubation time
was 60 min at 48C according to the results of previous time-
course experiments. Bound and free radioactivity were sepa-

rated by ®ltering the assay mixture through Whatman GF/C
glass-®bre ®lters by use of a Brandel cell harvester. The incu-
bation mixture was diluted with 3 ml of ice-cold incubation
bu�er, rapidly vacuum ®ltered and the ®lter was washed three
times with 3 ml of incubation bu�er. The ®lter-bound radio-
activity was counted in a Beckman LS-1800 Spectrometer (ef-
®ciency 55%). A weighted non linear least-squares curve ®tting
programme LIGAND (Munson & Rodbard, 1980), was used
for computer analysis of saturation and inhibition experiments.

Measurement of cyclic AMP levels in human
lymphocytes

Human lymphocytes (106 cells ml71) were suspended in 0.5 ml
incubation mixture (PBS bu�er, 1.0 iu adenosine deaminase
ml71 and 0.5 mM 4-(3-butoxy-4-methoxybenzyl)-2-imidazoli-
dinone, Ro 20 ± 1724, as a phosphodiesterase inhibitor) and
preincubated for 10 min in a shaking bath at 378C. Then, each
adenosine receptor agonist plus forskolin (1 mM) was added to
the mixture and the incubation continued for a further 5 min.
The potency of receptor antagonists was determined by an-
tagonism of NECA (1 mM)-induced stimulation of cyclic AMP
levels. Agonist EC50 and antagonist IC50 values were obtained
from concentration-response curves after log-logit transfor-
mation of dependent variables by the weighted least square
method (Finney, 1978). The reaction was terminated by the
addition of cold 6% trichloroacetic acid (TCA). The TCA
suspension was centrifuged at 2,000 g for 10 min at 48C and
the supernatant was extracted four times with water-saturated
diethyl ether. The ®nal aqueous solution was used to measure
cyclic AMP levels by a competition protein binding assay
carried out essentially according to Brown et al. (1971) and
Nordstedt & Fredholm (1990). Samples of cyclic AMP stan-
dards (0 ± 10 pmol) were added to each test tube containing the
bu�er used by Brown et al. (1971) (trizma base 0.1 M; ami-
nophylline 8.0 mM; 2 mercaptoethanol 6.0 mM; pH 7.4) and
[3H]-cyclic AMP in a total volume of 0.5 ml. The binding
protein, previously prepared from bovine adrenals, was added
to the samples previously incubated at 48C for 150 min and,
after the addition of charcoal, the samples were centrifuged at
2,000 g for 10 min. The clear supernatant (0.2 ml) was mixed
with 4 ml of Atomlight and counted in a LS-1800 Beckman
scintillation counter.

Thermodynamic analysis

For the generic binding equilibrium L+R=LR (L=ligand,
R=receptor) the a�nity constant Ka is directly related to the
standard free energy DG8 (DG8=7RT 1n Ka) which can be
separated in its enthalpic and entropic contributions according
to the Gibbs equation: DG8=DH87~TDS8. DG8 is calculated
as7RT ln Ka at 258C, while the determination of the other
thermodynamic parameters (DH8 and DS8) is performed by Ka

measurements at di�erent temperatures (Ka=1/Kd, where Kd is
the dissociation constant at equilibrium). Two general cases
can be distinguished:

(1) DCp8 (the di�erence in standard speci®c heats at con-
stant pressure of the equilibrium) is nearly zero. In this case,
the equation (d1n Ka/d (1/T)=7DH8/R gives a linear van't
Ho� plot 1n Ka versus (1/T) and standard enthalpy can be
calculated from its slope,7DH8/R, while standard entropy is
calculated as DS8=(DH87DG8)/T with T=298.15 K and
R=8.314 J mol71 K71.

(2) DCp8 is di�erent from zero. The plot DG8 versus T is
often parabolic and other mathematical methods (Osborne et
al., 1976) for calculating the thermodynamic parameters of the
equilibrium are available.

Saturation experiments of [3H]-SCH 58261 binding to the
human lymphocyte membranes were carried out at 0, 10, 20,
258C in a thermostatic bath assuring a temperature of+0.18C,
with concentrations ranging from 0.8 to 8 nM. In the present
case, where the van't Ho� plot can be considered as being
essentially linear, the ®rst method was applied.
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Drugs

NECA (5'-N-ethylcarboxamidoadenosine), R-PIA and S-PIA
(R(7)- and S(+)-N6-(2-phenylisopropyl)-adenosine), CGS
21680 (2-[p-(2-carboxyethyl)-phenethyl-amino]-5'-N-ethyl-car-
boxamidoadenosine), CHA (N6-cyclohexyladenosine), CGS
15943 (5-amino-9-chloro-2-(2-furyl)1,2,4-triazolo[1,5-c]quina-
zoline), DPCPX (1,3-dipropyl-8-cyclopentylxanthine), XAC
(8-[4-[[[[(2-aminoethyl)amino]-carbonyl]-methyl]oxy] - phenyl] -
1,3-dipropylxanthine) and cladribine were from Research
Biochemicals Incorporated (Natick, MA, U.S.A.). CCPA (2-
chloro-N6-cyclopentyladenosine) and 2-HE-NECA (2-hexy-
nyl-5'-N-ethyl-carboxamidoadenosine) were kindly provided
by Dr G. Cristalli (University of Camerino, Italy). KF 17837
((E)-1,3-dipropyl-8-(3,4- dimethoxystyryl) - 7 -methylxanthine)
and SCH 58261 (5-amino-7-(phenylethyl)-2-(2-furyl)-pyrazo-
lo[4,3-e]-1,2,4-triazolo[1,5-c]pyrimidine) were from Schering-
Plough Research Institute (Milan, Italy). Adenosine deaminase
(calf intestinal type VI), trizma base, aminophylline, cyclic
AMP (adenosine 3':5'-cyclic monophosphate) and forskolin
were from Sigma Chemical Company (St. Louis, MO, U.S.A.).
Ro 20 ± 1724 (4-(3-butoxy-4-methoxybenzyl)-2-imidazolidi-

none) was a kind gift of Dr E. Kyburz (Ho�man-La Roche,
Basel, Switzerland). All other reagents were of analytical grade
and obtained from commercial sources. [3H]-SCH 58261
(speci®c activity 68.6 Ci mmol71) was from the Schering-
Plough Research Institute (Milan, Italy). Aquassure and
Atomlight were from NEN Research Products (Boston, MA,
U.S.A.).

Results

[3H]-SCH 58261 binding assays

Kinetic studies (n=3) showed that [3H]-SCH 58261 binding
reached equilibrium after approximately 20 min and was
stable for at least 2 h (Figure 1a). [3H]-SCH 58261 binding was
rapidly reversed by the addition of 10 mM NECA (Figure 1b).
Association and dissociation kinetic rate constants, determined
as described by Burt (1986), from these experiments were:
Kobs=0.077 (0.051 ± 0.082) min71, K71=0.043 (0.031 ± 0.065)
min71 from a t1/2=16 min (14 ± 18), and K+1=0.067
min71 nM71. A radioligand a�nity constant (Kd) value of 0.64
(0.55 ± 0.82) nM was derived from these experiments. Figure 2
shows a saturation curve of [3H]-SCH 58261 binding to ade-
nosine A2A-receptors and the linearity of the Scatchard plot in
the inset is indicative, in our experimental conditions, of the
presence of a single class of binding sites with a Kd value of 0.85
(0.73 ± 0.98) nM and a Bmax value of 35 (31 ± 40) fmol mg71

protein. The presence of 10 mM MgCl2, 100 mM GTP or 2 iu
adenosine deaminase in the assay mixture did not modify the
percentage of speci®c binding. Ki values for reference adeno-
sine receptor agonists and antagonists, obtained by competi-
tion with [3H]-SCH 58261 binding are shown in Table 1.
Figures 3a and 3b show inhibition curves for adenosine ago-
nists and antagonists in human lymphocytes, respectively. The
order of potency in [3H]-SCH 58261 displacement assays for
adenosine agonists was: 2-HE-NECA4NECA4CGS
216804R-PIA4CCPA4S-PIA=CHA4cladribine. 2-HE-
NECA and NECA were the most potent compounds, with
a�nities in the low nanomolar range (14 ± 22 nM), while the
selective A1-receptor agonists displayed a�nity values in the
micromolar range and the partially non-selective agonist,
cladribine was the least potent compound. Displacement of
[3H]-SCH 58261 binding was stereoselective, with R-PIA
(Ki=1.5 mM) being approximately 4 times more active than its
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Figure 1 (a) Kinetics of 0.5 nM [3H]-SCH 58261 binding to human
lymphocyte membranes with association curves representative of a
single experiment. Inset: ®rst-order plots of [3H]-SCH 58261 binding.
Beq, amount of [3H]-SCH 58261 bound to equilibrium; B, amount of
[3H]-SCH 58261 bound at each time. Association rate constant was:
K+1=0.067 min71 nM71. (b) Kinetics of 0.5 nM [3H]-SCH 58261
binding to human lymphocyte membranes with dissociation curves
representative of a single experiment. Inset: ®rst-order plots of [3H]-
SCH 58261 binding. Beq, amount of [3H]-SCH 58261 bound to
equilibrium; B, amount of [3H]-SCH 58261 bound to each time.
Dissociation rate constant was: K71=0.07 (0.06 ± 0.09) min71.
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Figure 2 Saturation of [3H]-SCH 58261 binding to human
lymphocyte adenosine A2A-receptors. Experiments were performed
as described in Methods. Values are the means of four separate
experiments performed in triplicate; vertical lines show s.e.mean. In
the inset the Scatchard plot of the same data is shown. Kd value (nM)
was 0.85 (0.73 ± 0.98) and Bmax value (fmol mg71 protein) was 35
(31 ± 40). Non-speci®c binding was determined in the presence of
10 mM NECA.
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Table 1 Inhibition of [3H]-SCH 58261 binding (Ki) by adenosine agonists and antagonists to human lymphocyte membranes

[3H]-SCH 58261 binding Cyclic AMP assay
Compound Ki (nM) Hill coe�cient EC50/IC50 (nM)

2-HE-NECA
NECA
CGS 21680
R-PIA
CCPA
S-PIA
CHA
Cladribine

14 (11 ± 18)
22 (20 ± 24)
838 (731 ± 960)
1490 (1302 ± 1705)
3785 (3203 ± 4472)
6497 (5048 ± 8363)
6898 (6408 ± 7425)
50000 (45520 ± 52870)

0.93 (0.86 ± 1.00)
0.98 (0.93 ± 1.01)
0.97 (0.91 ± 1.03)
0.95 (0.89 ± 1.02)
0.93 (0.86 ± 1.02)
0.91 (0.80 ± 1.04)
1.01 (0.90 ± 1.24)
0.82 (0.75 ± 1.00)

40 (38 ± 42)
200 (184 ± 216)
897 (821 ± 981)
3936 (3206 ± 4832)
5450 (4710 ± 6320)
8470 (7705 ± 9311)
12480 (11700 ± 13310)

>500000

Antagonists
CGS 15943
SCH 58261
XAC
KF 17837
DPCPX

0.20 (0.16 ± 0.24)
0.85 (0.83 ± 0.87)
7.28 (5.51 ± 9.63)
19 (15 ± 24)
492 (401 ± 620)

0.97 (0.87 ± 1.05)
0.92 (0.82 ± 1.04)
0.94 (0.88 ± 1.01)
0.92 (0.85 ± 1.02)
0.86 (0.72 ± 1.06)

12 (11 ± 13)
16 (14 ± 18)
55 (51 ± 59)
60 (53 ± 67)
600 (560 ± 670)

A comparison is made with stimulation by adenosine agonists (EC50) or inhibition of NECA 1 mM-stimulated cyclic AMP levels by
antagonists (IC50) in isolated human lymphocytes. Each value represents the geometric mean, with 95% or 99% (Hill coe�cients)
con®dence limits in parentheses, of at least four separate experiments performed in duplicate.
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Figure 3 (a) Inhibition curves of speci®c [3H]-SCH 58261 (0.8 nM)
binding to human lymphocyte membranes by adenosine agonists.
Curves are representative of a single experiment from a group of four
independent experiments. Non-speci®c binding was determined in the
presence of 10 mM NECA. (b) Inhibition curves of speci®c [3H]-SCH
58261 (0.8 nM) binding to human lymphocyte membranes by
adenosine antagonists. Curves are representative of a single
experiment from a group of four independent experiments. Non-
speci®c binding was determined in the presence of 10 mM NECA.
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Figure 4 (a) Stimulation of cyclic AMP levels in human
lymphocytes by adenosine agonists. Curves are representative of a
single experiment from a group of four independent experiments. (b)
Inhibition of NECA (1 mM) stimulated cyclic AMP levels (100%) in
human lymphocytes by adenosine antagonists. Curves are represen-
tative of a single experiment from a group of four independent
experiments.
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stereoisomer, S-PIA (Ki=6.6 mM). The order of potency of the
receptor antagonists was: CGS 159434SCH 582614
XAC4KF 178374DPCPX. CGS 15943 and SCH 58261 were
the most potent compounds (Ki values in the low nanomolar
range). Hill coe�cients of all compounds (Table 1) were found
to be not signi®cantly di�erent from unity.

Assay of cyclic AMP levels

Table 1 presents EC50 values for forskolin-induced stimulation
of cyclic AMP levels in human lymphocytes and Figure 4a
shows the log dose-response curve for typical adenosine re-
ceptor agonists. All adenosine analogues were able to increase
cyclic AMP levels displaying an order of potency similar to
that observed in binding a�nities for the adenosine A2A-re-
ceptor. 2-HE-NECA appeared to be the most potent com-
pound (EC50=40 nM) followed by NECA and CGS 21680
(EC50 in the range 200 ± 900 nM); R-PIA was more potent than
its stereoisomer S-PIA (EC50=4 mM and 8.5 mM, respectively).
Figure 4b shows the inhibition of NECA-stimulated cyclic
AMP levels in human lymphocytes by adenosine receptor an-
tagonists and Table 1 presents the IC50 values of the same
compounds. The most potent adenosine receptor antagonists
were CGS 15943 and SCH 58261 (IC50=12 and 16 nM, re-
spectively). With the exception of cladribine, which at the
highest concentration increased cyclic AMP by only 22%, all
agonists produced a similar increase in cyclic AMP levels,
suggesting that they are full agonists. The Spearman's rank
correlation coe�cient between a�nity values of [3H]-SCH
58261 binding to A2A-adenosine receptors by selective receptor
agonists and antagonists with EC50 and IC50 values in the
cyclic AMP assay was 1.00 (P50.01).

Thermodynamic binding assay

Kd and Bmax values derived from the saturation experiments of
[3H]-SCH 58261 binding to A2A adenosine receptors performed
at the four chosen temperatures were found to be within the
following range: Kd=0.85 ± 2.57 nM and Bmax=35 ±
38 fmol mg71 protein. While dissociation constants (Kd)
changed with temperature, Bmax values obtained from [3H]-
SCH 58261 saturation experiments appeared to be largely in-
dependent of temperature. Scatchard plots were linear at all
temperatures investigated and computer analysis of the data
(Munson & Rodbard, 1980) failed to show a signi®cantly
better ®t to a two-site than to a one-site binding model, indi-
cating that only one class of binding sites was present under
our experimental conditions. Figure 5 shows the van't Ho�
plot 1nKA versus 1/T of the [3H]-SCH 58261 binding to the A2A

adenosine receptor and the ®nal equilibrium thermodynamic
parameters (expressed as mean values+s.e. of three indepen-
dent determinations) were: DG8=748.32+0.10 kJ mol71;
DH8=736.74+3.42 kJ mol71; DS8=38.87+4.51 Jmol71

K71. The linearity of the plot was statistically signi®cant
(DCp8&0) and its slope (7DH8/R) was positive, a property
which has been found to be typical for antagonist binding to
rat striatal A2A adenosine receptors (Borea et al., 1995).

Discussion

In the past, the non-selective agonist radioligand [3H]-NECA
has been used successfully to label A2A adenosine receptors in
rat striatal membranes (Bruns et al., 1986). However, [3H]-
NECA has also been shown to interact with non-receptor
binding proteins in both cerebral and peripheral tissues
(Hutchison et al., 1990). Over the past few years, the receptor
agonist CGS 21680, a NECA derivative with both high a�nity
and selectivity for the A2A adenosine receptor, has become the
radioligand of choice with which to investigate this receptor
subtype on striatal membranes (Jarvis et al., 1989) but few
studies exist concerning its use in peripheral tissues, probably
due to the presence of adenotin sites (Varani et al., 1994).
However, in binding studies the use of antagonist radioligands
is preferred because they can overcome a variety of limitations
associated with the high and low agonist a�nity states. The
development of A2A antagonist radioligands has been ham-
pered by the lack of selective ligands (Ongini & Fredholm,
1996). Among adenosine receptor antagonists, xanthine amine
congener ([3H]-XAC), which is a non-selective adenosine re-
ceptor antagonist, was used to characterize the A2A adenosine
receptor in human platelet membranes (Ji et al., 1992). [3H]-
XAC binding was consistent with the labelling of A2A recep-
tors, but speci®c binding was only 40% of the total binding.
Another receptor antagonist radioligand, [3H]-PD 115,199,
was used, even though it has equal a�nity for both A1-and
A2A-receptors. Thus, in the presence of 20 nM DPCPX [3H]-
PD 115,199 labelled speci®cally A2A-striatal receptors, but its
radiostability was found to be poor (Bruns et al., 1987). More
recently, the selective A2A-receptor antagonist [

3H]-KF 17837S
has been shown to label directly A2A-adenosine receptors in rat
striatum (Nonaka et al., 1994). The binding occurs at con-
centrations in the low nanomolar range, but non-speci®c
binding (about 30 ± 40%) is still high. The development of the
new potent and selective A2A-receptor antagonist SCH 58261,
which does not to bind to adenotin sites (Varani et al., 1996),
and its radiolabelled form, [3H]-SCH 58261, has facilitated the
characterization of A2A-receptors in a variety of tissues (Bar-
aldi et al., 1994; Zocchi et al., 1996a,b; Dionisotti et al., 1996).

In the present study we have characterized, for the ®rst time,
A2A-adenosine receptors on human lymphocyte membranes by
using [3H]-SCH 58261. The biological importance of lympho-
cyte A2A-adenosine receptors is emphasized by the fact that
adenosine possesses immunosuppressive properties by acti-
vating adenylyl cyclase and in turn elevating cyclic AMP levels.
In general, activation of adenosine receptors on lymphocytes
diminishes immune and in¯ammatory responses. This is of
interest in view of the fact that diminished adenosine receptor
functions might contribute to diseases in which there is an
abnormal self-directed immune response or an excess of in-
¯ammation.

Association and dissociation kinetic parameters of [3H]-
SCH 58261 binding were similar to those observed in a pre-
vious study carried out in human platelets (Dionisotti et al.,
1996). In saturation experiments, [3H]-SCH 58261 labelled a
single class of recognition sites with a�nity (Kd=0.85 nM) in
the same order of magnitude as that determined by kinetic
experiments (Kd=0.64 nM) and also very close to that ob-
served in rat striatal and platelet membranes (Kd va-
lues=0.7 nM and 0.85 nM, respectively). In competition
studies, reference adenosine receptor agonists and antagonists
bound the lymphocyte A2A-receptor with a rank order of po-
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Figure 5 Van't Ho� plot showing the e�ect of temperature on the
equilibrium binding association constant, Ka=1/Kd, of [3H]-SCH
58261. The plot was essentially linear in the temperature range
investigated (0 ± 25C8).
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tency and a�nities similar to those observed in [3H]-SCH
58261 binding to human platelet membranes. Computer ana-
lysis of inhibition curves of both adenosine agonists and an-
tagonists showed that [3H]-SCH 58261 interacts with only one
recognition binding site (Hill coe�cients not signi®cantly dif-
ferent from unity). Our data are in agreement with those
previously found in rat striatal and platelet membranes. It is
notable that contrasting results are present in the literature
about the ability of adenosine A2A-receptor antagonists to re-
veal both high and low a�nity states (Bruns et al., 1987;
Nonaka et al., 1994). In agreement with our results, adenosine
receptor agonists displaced the antagonist radioligand [3H]-PD
115,119 to the A2A striatal receptor with Hill coe�cients close
to unity (Bruns et al., 1987) and the same results were obtained
in striatal membranes with [3H]-SCH 58261 (Zocchi et al.,
1996b). In contrast, other authors found, in striatum, that
adenosine receptor agonists inhibited the binding of the an-
tagonists [3H]-XAC (Ji et al., 1992) and [3H]-KF 17837
(Nonaka et al., 1994) with shallow competition curves which
are best described by a two site model. These latter results are
not supported by the present data on agonist inhibition curves,
where Hill coe�cients were found to be not signi®cantly dif-
ferent from unity, thus excluding the involvement of multiple
coupling a�nity states. This ®nding could be explained either
by a tight coupling between receptor and G protein or, alter-
natively, by the existence of a uniform conformation of the
receptor binding subunit regardless of G protein modulation
(Nano� et al., 1991; Nano� & Stiles, 1993).

Thermodynamic analysis of [3H]-SCH 58261 binding was
performed and the enthalpic (DH8) and entropic (DS8) contri-
bution to the standard free energy (DG8) of the binding equi-
librium were determined. The linearity of the van't Ho� plot for
[3H]-SCH 58261 binding in the human lymphocytes indicates
that the DCp8 values of the drug-interaction is nearly zero
which means that DH8 and DS8 values were not signi®cantly
a�ected by temperature variations, at least over the tempera-
ture range investigated (Borea et al., 1995). It is notable that
such a linearity of van't Ho� plots in a restricted range of
temperatures (usually 0 ± 25/308C) appears to be a common
feature of practically all membrane receptor ligands so far
studied, from a thermodynamic point of view (Gilli et al., 1994).
Thermodynamic data obtained from the van't Ho� plot, indi-
cate that [3H]-SCH 58261 binding to human lymphocytes is
entropy and enthalpy-driven (DS8=38.87+4.51 Jmol71 K71,
DH8=736.74+ 3.42 kJmol71). This binding behaviour has
been found, in rat striatum, to be typical of A2A ± receptor an-

tagonists (Borea et al., 1995). Finally, another aim of the pre-
sent study was to investigate the regulation of adenylyl cyclase
activity to verify whether the binding parameters are correlated
with the functional response. We evaluated EC50 or IC50 values
obtained for the stimulation or inhibition, by receptor agonists
and antagonists, respectively, of cyclic AMP levels. Interest-
ingly, in the adenylyl cyclase assay, the compounds examined
exhibited a rank order of potency very close to that observed in
binding experiments. 2-HE-NECA and NECA, which are
known to have the highest a�nity of adenosine analogues for
A2A-receptors on human platelets and lymphocytes, were also
the most potent in the cyclic AMP assay.

The adenosine receptor antagonists CGS 15943 and SCH
58261, which have Ki and IC50 values in the nanomolar range
(Ki=0.2 nM and 0.85 nM; IC50=12 nM and 16 nM, respec-
tively), exhibit high a�nity also in a variety of membranes
(Ongini & Fredholm, 1996). The signi®cant di�erence between
the IC50 values for antagonism of NECA-induced activation of
cyclic AMP accumulation and the corresponding Ki values
obtained in the binding assays could be due to the high con-
centration (1 mM) of NECA used in the cyclic AMP assay.

In contrast, the A1/A2 non-selective agonist cladribine re-
vealed a low a�nity in the binding assay (Ki=50 mM) and was
unable to stimulate fully cyclic AMP levels (EC504500 mM),
suggesting that it may be a partial agonist. However, there is
evidence to suggest that cladribine is e�ective against a variety
of lymphoid neoplasms. The precise mechanism by which
cladribine acts is as yet unknown and is further complicated by
the fact that the drug is active against both dividing and non
dividing cells. The present data strongly suggest that the in-
teraction with A2A-receptors is not the only (or main) me-
chanism of action of this compound. It would be of interest to
study deoxyadenosine congeners resistant to deamination, in
the hope that these agents might possess antileukemic and
antilymphocyte activity.

In conclusion, all these data indicate, for the ®rst time, that
adenosine receptors present on lymphocytes have a pharma-
cological, biochemical and thermodynamic pro®le typical of
the A2A adenosine receptor subtype. The presence of A2A-re-
ceptors in a peripheral cells, such as human lymphocytes,
strongly suggests an important role for adenosine in modu-
lating immune and in¯ammatory responses.

P.A.B. was supported by MURST (Target Project `New Approaches
in Toxicology').
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