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SUMMARY
RNA was transcribed in vitro from a cDNA clone (RFL9) that
encodes the rat adenosine A2b receptor. Xenopus oocytes
that had been injected with this RNA several days earlier
responded to adenosine (10 �M to 1 mM) with an inward
current (45-750 nA) that peaked rapidly and then declined to
a lower level; uninjected oocytes showed no effect of aden-
osine. The current reversed to outward at -25 mV and was
blocked by intracellular injection of 1,2-bis(2-aminophen-
oxy)ethane-N,N,N’,N’-tetraacetic acid. The action of adeno-
sine (100 �LM) was mimicked by 5’-N-ethylcarboxamidoad-

enosine (10 MM), but not by ATP, N-cyclohexyladenosine (10
or 100 �zM), M-cyclopentyladenosine (10 zM), 1-deaza-2-chlo-
rocyclopentyladenosine (50 �tM), or CGS21680 (1 or 10 isM). It
was substantially blocked by 8-cyclopentyl-1,3-dipropylxan-
thine (1 MM) and by 3,7-dimethyl-1-propargylxanthine (10 sM).

The results indicate that activation of adenosine A� recep-
tors increases a calcium-dependent chloride conductance in
Xenopus oocytes, presumably by stimulating phospholipase
C.

Adenosine and adenine nucleotides act at a variety of cell

surface receptors to produce a range of physiological responses

in different tissues (for reviews, see Refs. 1-3). Activation of

A1 receptors inhibits adenylyl cyclase, increases potassium con-

ductance, and reduces calcium conductance, whereas the acti-

vation of A2 receptors stimulates adenylyl cyclase (4, 5). A2

receptors have been further divided into A28 and A2b subtypes

(6), and molecular clones have been isolated that encode both

of these subtypes (A2,,, Ref. 7; A2b, Refs. 8 and 9). The A25 and

A2b receptors have quite different tissue distributions, but het-

erologous expression shows that both readily couple to stimu-

lation of adenylyl cyclase (7-9).

The ubiquitous coupling of A2 receptors to stimulation of

adenylyl cyclase has recently been questioned, based on the

finding that adenosine and its analogs activate phospholipase

C in rat basophilic leukemia cells (RBL-2H3) (10). The order

of potency of agonists suggested that this resulted from acti-

vation of A2 receptors. This action of adenosine was sensitive

to both pertussis and cholera toxins, but there was no evidence

for involvement of cAMP. However, in cells containing well

defined A2b receptors, there are no reports of adenosine mobi-

lizing intracellular calcium.
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Postdoctoral Fellowship (J.L.Y.).

The Xenopus oocyte expression system is particularly suita-

ble for the expression of receptors that couple to phospholipase

C; the inositol trisphosphate that is formed liberates intracel-

lular calcium and this can be detected by the inward current

flowing through endogenous calcium-activated chloride chan-

nels (11). This robust response has been widely used for the

functional identification of receptors (e.g., tachykinins and 5-

HT2). In the present study we have tested, by expression in

Xenopus oocytes, the hypothesis that the A2b receptor couples

to phospholipase C.

Materials and Methods

The cloning of RFL9 (A)b cDNA from rat brain) has been reported

(8, 9). Capped RNA was synthesized in vitro as described previously
(12). The harvesting, injection, and incubation of oocytes (stage V-VI)

from Xenopus kievis were as described previously ( 12). Oocytes were

injected 7-17 days before electrical recordings were made. Two elec-

trodes (filled with 3 M KC1, resistance of �1 M[l) were used to measure
membrane currents, with a voltage-clamp amplifier. Unless otherwise

mentioned, oocytes were held at -60 mV. The oocytes were continually

bathed in a solution of composition (in mM) 96 NaC1, 2 KC1, 1.8 CaCl2,

1 MgCl2, and 5 Na-HEPES (pH 7.5), to which adenosine and other

compounds could be added.
The responses to adenosine declined during applications lasting for

2 mm (which was used in most experiments), and second applications

usually evoked smaller responses when applied less than 15 mm after
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Fig. 1. Inward currents evoked by adenosine and NECA. A, Upper, examples of the effects of adenosine (30 and 100 �M) in the same oocyte; lower,
effect of adenosine (1 00 �M) compared with effect of NECA (1 0 �M) in the same oocyte. B, Currents produced by different concentrations of
adenosine, normalized with respect to the current caused by 100 �M adenosine in the same oocyte (see Materials and Methods). In this group of
oocytes, the current evoked by 100 �M adenosine was 334 ± 78 nA (n = 1 1).
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the first. However, even when the interval was held at 15 mm, the
amplitude of the response to adenosine often decreased progressively

during the first several applications. The data were, therefore, normal-
ized as follows. The response to a ‘test’ concentration of adenosine (10

�M to 3 mM) is expressed relative to that to ‘control’ concentrations

applied to the same oocyte, where the control response was the average
current evoked by 100 �zM adenosine applied both before and after the

test concentration.

Drugs used were purchased from Research Biochemicals, Inc., except
for BAPTA and ATP (magnesium salt), which were purchased from
Sigma. BAPTA was injected into oocytes with a third microelectrode
(50 nl of a 50 mM solution; 2.5 nmol). Drugs were diluted into the

perfusing saline from aqueous stock solutions, except for DPCPX.

DPCPX was prepared in ethanol stock solution, which gave a final
ethanol concentration in the saline of 0.1%; this concentration of
ethanol had no effect on the response to adenosine. Numerical values

are given as mean ± standard error.

Results

Adenosine activates a calcium-dependent chloride
current. Adenosine (30 �tM to 3 mM) evoked an inward current

in 86% (n = 43) of oocytes that had been injected with RFL9

RNA (Figs. 1 and 2). The current developed rapidly, reached

its peak amplitude within a few seconds, and then declined to

lower amplitude (Fig. 1). In a minority ofcells there was a delay
of several seconds before the onset of the response, which

usually was oscillatory (e.g., Fig. 2A). Adenosine never elicited

a response in uninjected oocytes from the same donor frogs (n

= 21).
The maximum response was observed with an adenosine

concentration of 300 �tM; the response to 1 mM was 90 ± 2%

(n = 4) of the amplitude of the response to 300 �sM. From the

normalized dose-response curve (Fig. 1B; see Materials and
Methods), the concentration producing a half-maximal re-

sponse was approximately 50 �zM.

The inward current evoked by adenosine became larger at

hyperpolarized potentials and smaller at depolarized potentials;

it reversed polarity at -25 ± 2 mV (n = 7), which is close to

the equilibrium potential for chloride (13, 14). No response to
adenosine was observed in oocytes that had been injected with

BAPTA (2.5 nmol; n = 3) (see Materials and Methods) (Fig.
2A), even though the same oocytes provided a typical response
before BAPTA injection.

Pharmacological properties indicate the A2b receptor.
NECA, which has been suggested to be selective for A2 rather
than A1 adenosine receptors (6), was approximately 10 times

more effective than adenosine. The inward current caused by

10 �tM NECA was 95 ± 4% (n = 3) of that evoked by 100 sM

adenosine in the same oocytes. No effects were observed with

the A1-selective agonists N�-cyclohexyladenosine (10 or 100

�zM; n = 4), N�-cyclopentyladenosine (10 �zM; n 5), or 1-deaza-

2-chlorocyclopentyladenosine (50 sM; fl 3), with the A25-

selective agonist CGS21680 (1 or 10 sM; n = 4), or with ATP

(10O�sM;n=5).

DPCPX is a more selective antagonist of the A1 adenosine

receptor but also blocks A2 receptors in the micromolar range

(15, 16). At 1 �sM DPCPX reversibly reduced the amplitude of

the adenosine response by 95 ± 4% (n = 6; Fig. 2B), whereas

at 100 nM the amplitude was reduced by only 27 ± 3% (n = 5).

DMPX is more selective for the A2 versus the A1 adenosine

receptors (17); at 10 �zM, DMPX reversibly reduced the ampli-

tude of the adenosine response by 75 ± 5% (n = 4).

Discussion

These results show that the adenosine A2b receptor readily

couples to phospholipase C activation in Xenopus oocytes. The

properties of the inward currents evoked by adenosine (desen-

sitization, reversal at -25 mV, and block by intracellular
BAPTA) are characteristic of those evoked by agonists at

receptors that stimulate phospholipase C, such as M1 musca-

rinic (18), 5-HT2 (19), and tachykinin (20) receptors. The

relative ease with which the inward current can be elicited

allowed us to determine some pharmacological properties of the
adenosine-activated current. These were consistent with the

previously reported pharmacological profile for the A2b receptor

(6, 9). Thus, A1-selective adenosine receptor agonists never
elicited any response, whereas NECA was effective and about

10 times more potent than adenosine. CGS21680, which has

been widely used as an A2 receptor agonist, did not elicit any

response at a concentration up to 10 jsM. This is also consistent

with the A2b receptor, because A� receptors have a much higher

affinity for CGS21G8O than do A2b receptors (9, 21, 22). Both

DMPX (10 tiM) and DPCPX (1 �M) caused >50% inhibition

of the response to adenosine. Quantitative estimates of the
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Fig. 2. A, Response to adenosine is blocked by intracellular injection of
BAPTA. B, Response to adenosine is reversibly inhibited by the antag-
onist DPCPX (1 �LM).

dissociation constants have not been made and are difficult

because of the variability of the adenosine action over time.

However, the effective concentrations are consistent with those

required at the A2 receptor. DMPX is only weakly A2 selective

(17); DPCPX is more strongly A1 selective, but the concentra-
tions required in the present experiments are >100 times

greater than its dissociation constant at the A1 receptor (15,

23).
Others have reported that oocytes that have not been injected

with any receptor RNA can show responses to adenosine (24,

25); however, in defolliculated oocytes such as we have used,

the inward chloride current is caused by ATP and not by

adenosine (24, 25). We did not observe any responses to ATP

in the present experiments, and adenosine also had no effect

on oocytes that had not been injected with A2b receptor RNA.

Previous work (8, 9) has shown that the A2b receptor couples

to adenylyl cyclase when transfected into COS-GM and Chinese

hamster ovary cells and in untransfected VA 13 cells (a fibro-

blast line from human lung transformed by simian virus 40).

This raises the possibility that the chloride current in the

oocytes also results from elevation in cAMP levels. However,

this is unlikely because 8-bromo-cAMP (100 �M) does not cause

any inward current in Xenopu�s oocytes,’ and neither does
intracellular injection of cAMP or the catalytic subunit of
protein kinase A (26, 27). The simplest interpretation is that

the A2b receptor couples to phospholipase C when expressed in

Xenopus oocytes. Stimulation of phosphatidylinositol hydrol-

ysis has previously been reported to follow activation of aden-

osine A1 receptors (28-31; see Ref. 32) and A2 receptors (10,

29). Although the receptor in RBL-2H3 cells (10) is somewhat

atypical (33), there are several similarities between the effects

seen in those cells and in Xenopus oocytes; the response to

NECA desensitized rapidly, NECA was maximally effective at

10 �M, NECA was more potent than adenosine, and ATP was

ineffective. Probes based on the A2b receptor nucleotide se-

quence could be used to determine under what conditions the

RNA is present in RBL-2H3 cells.

The expression of the A2b adenosine receptor in frog oocytes

should be convenient for studies of structure-function relations.
For example, the response undergoes desensitization (see

above). The carboxyl terminus of this receptor contains several

serine and threonine residues that are potential phosphoryla-
tion sites (8, 9). Moreover, the observation that the expressed

receptor couples so readily to both adenylyl cyclase and phos-

pholipase C stimulation may provide a useful system for the

identification of those parts of the molecule, particularly the

membrane-proximal regions of the third cytoplasmic loop, that

confer this coupling specificity.

Acknowledgments

We thank Yan-Na Wu for injecting oocytes.

References

1. Williams, M. Purine receptors in mammalian tissues: pharmacology and
functional significance. Annu. Rev. Pharmacol. Toxicol. 27:315-345 (1987).

2. Silinsky, E. M. Adenosine derivatives and neuronal function. Semin. Neu-

rosci. 1:155-165 (1989).

3. Stiles, G. L. Adenosine receptors. J. Biol. Chem. 267:6451-6454 (1992).

4. Van Calker, D., M. Muller, and B. Hamprecht. Adenosine regulates via two
different types of receptors the accumulation of cyclic AMP in cultured brain

cells. J. Neurochem. 33:999-1005 (1979).
5. Londos, C., D. M. F. Cooper, and J. Woolf. Subclasses of external adenosine

receptors. Proc. Nati. Acad. Sci. USA 77:2551-2554 (1980).

6. Bruns, R. F., G. H. Lu, and T. A. Pugsley. Characterization of the A2

adenosine receptor labeled by [3H]NECA in rat striatal membranes. Mol.
Phormacol. 29:331-346 (1986).

7. Maenhaut, C., J. Van Sande, F. Libert, M. Abramwicz, M. Parmentier, J.-J.
Vanderhaegen, J. E. Dumont, G. Vassart, and S. Schiffman. RDC8 codes for

an adenosine A2 receptor with physiological constitutive activity. Biochem.

Biophys. Res. Commun. 17:1169-1178 (1990).

8. Stehle, J. H., S. A. Rivkees, J. J. Lee, D. R. Weaver, J. D. Deeds, and S. M.
Reppert. Molecular cloning and functional expression of the cDNA for a

novel A2 adenosine receptor subtype. Mo!. Endocrinol. 6:384-393 (1992).

9. Rivkees, S. A., and S. M. Reppert. RFL9 encodes an A2,, adenosine receptor.

Mo!. Endocrinol. 6:1598-1604 (1992).

10. Ali, H., J. R. Cunha-Melo, W. F. Saul, and M. A. Beaven. Activation of
phospholipase C via adenosine receptors provides synergistic signals for

secretion in antigen-stimulated RBL.2H3 cells. J. Biol. Chem. 265:745-753
(1990).

1 1 . Dascale, N. The use of Xenopus oocytes for the study of ion channels. Crit.

Rev. Biochem. 22:317-387 (1987).
12. Christie, M. J., J. P. Adelman, J. Douglass, and R. A. North. Expression of a

cloned rat brain potassium channel in Xenopus oocytes. Science (Washington

D. C.) 244:221-224 (1989).
13. Kusano, K., R. Miledi, and J. Stinnakre. Acetylcholine receptors in the oocyte

membrane. Nature (Land.) 270:739-742 (1977).

14. Dascal, N., and E. M. Landau. Cyclic GMP mimics the muscarinic response

in Xenopus oocytes: identity of ionic mechanisms. Proc. Nat!. Acad. Sd. USA
79:3052-3056 (1982).

15. Bruns, R. F., J. H. Fergus, E. W. Badger, J. A. Bristol, L. A. Santay, J. D.

Hartman, S. J. Hays, and CC. Huang. Binding of the A1-selective adenosine

antagonist 8-cyclo.1,3-dipropylxanthine to rat brain membranes. Naunyn-

Schmiedeberg’s Arch. Pharmacol. 33:59-63 (1987).
16. Lohse, M. J., K-N. Klotz, J. Lindenborn-Fotinos, M. Reddington, U.

Schwabe, and R. A. Olsson. 8-Cyclopentyl-1,3-dipropylxanthine (DPCPX),

a selective high-affinity antagonist radioligand for A, adenosine receptors.
Naunyn.Schmiedeberg’s Arch. Pharmacol. 33:204-210 (1987).

17. Daly, J. W., W. Padgett, and M. T. Shiamim. Analogues of caffeine and
theophylline: effect of structural alterations on affinity at adenosine recep-

tors. J. Med. Chem. 29:1305-1308 (1986).

18. Fukuda, K., T. Kubo, I. Akiba, A. Maeda, M. Mishina, and S. Numa.
Molecular distinction between muscarinic acetylcholine receptor subtypes.
Nature (Land.) 327:623-625 (1987).

19. Pritchett, D. B., A. W. J. Bach, M. Wozny, 0. Taleb, R. Del Toso, J. C. Shih,

and P. H. Seeburg. Structure and functional expression ofclonal rat serotonin

5-HT2 receptor. EMBO J. 7:4135-4140 (1988).
20. Masu, Y., K. Nakayama, H. Tamaki, K. Harada, M. Kuno, and S. Nakanishi.

cDNA cloning of bovine substance K receptor through oocyte expression
system. Nature (Land.) 329:836-838 (1987).

21. Lupica, C. R., W. A. Cass, N. R. Zahniser, and T. W. Dunwiddie. Effects of
the selective adenosine A2 agonist CGS21680 on in vitro electrophysiology,
cAMP formation and dopamine release in rat hippocampus and striatum. J.
Pharmacol. Exp. Titer. 25:1134-1141 (1990).

22. Wan, W., G. R. Sutherland, and J. D. Geiger. Binding of the adenosine A2
receptor ligand [3H1CGS21680 to human and rat brain: evidence for multiple

affinity sites. J. Neurochem. 55:1763-1771 (1990).
23. Sebastiao, A. M., and J. A. Ribeiro. 1,3,8- and 1,3,7- substituted xanthines:

relative potency as adenosine receptor antagonists at the frog neuromuscular

junction. Br. J. Pharmacol. 96:211-219 (1989).
24. Lotan, I., N. Dascal, S. Cohen, and Y. Lass. Adenosine-induced slow ionic

currents in the Xenopus oocyte. Nature (Land.) 298:572-574 (1982).
25. Greenfield, L. J., J. T. Hackett, and J. Linden. Xenopus oocyte K� current.

Adenosine A� Receptor Expressed in Oocytes 279

1 J� Yakel, Unpublished observations.

 at T
ham

m
asart U

niversity on D
ecem

ber 3, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


280 Yakel et a!.

I. FSH and adenosine stimulate follicle cell-dependent currents. Am. J.
Physiol 259:C775-C783 (1990).

26. Kavanaugh, M. P., M. J. Christie, P. B. Osborne, A. E. Busch, K.-Z. Shen,
Y.-N. Wu, P. H. Seeburg, J. P. Adelman, and R A. North. Transmitter
regulation of voltage-dependent K� channels expressed in Xenopus oocytes.
Biochem. J. 277:899-902 (1991).

27. Hoger, J. H., A. E. Walter, D. Vance, L. Yu, H. A. Lester, and N. Davidson.
Modulation of a cloned mouse brain potassium channel. Neuron 6:227-236
(1991).

28. Gerwins, P., and B. Fredhoim. Stimulation of adenosine A1 receptors and
bradykinin receptors, which act via different G proteins, synergistically raises
inositol 1,4,5-trisphosphate send intracellular free calcium in DDT, MF-2
smooth muscle cells. Proc. NatL Acad. Sci. USA 89:7330-7334 (1992).

29. Burnatowska-Hledin, M. A., and W. S. Spielman. Effects of adensoine on Send reprint requests to: Dr. R. A. North, Vollum Institute, Oregon Health
cAMP production and cytosloic Ca2� in cultured rabbit medullary thick limb Sciences University, Portland, OR 97210.

cells. Am. J. Physiol. 260:C143-C150 (1991).

30. Arend, L. J., M. A. Burnatowska-Hledin, and W. S. Spielman. Adenosine
receptor-mediated calcium mobilization in cortical collecting tubule cells.

Am. J. PhysioL 255:C581-C588 (1988).

31. White, T. E., J. M. Dickenson, S. P. H. Alexander, and S.J. Hill. Adenosine
A1 receptor stimulation of inositol phospholipid hydrolysis and calcium
mobilisation in DDT, MF-2 cells. Br. J. PharmacoL 10:215-221 (1992).

32. Linden, J. Structure and function of A1 adenosine receptors. FASEB J.
5:22668-22676 (1991).

33. Mi, H., C. E. Muller, J. W. Daly, and M. A. Beaven. Methylxanthines block
antigen-induced responses in RBL-2H3 cells independently of adenosine
receptors or cyclic AMP: evidence for inhibtion of antigen binding to IgE. J.
Pharmacol Exp. Titer. 258:954-962 (1991).

 at T
ham

m
asart U

niversity on D
ecem

ber 3, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/



