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Summary. Whole-cell patch clamp experiments were carried out in rat 
striatal brain slices. In a subset of striatal neurons (70-80%), NMDA-induced 
inward currents were inhibited by the adenosine A2A receptor selective ago- 
nist CGS 21680. The non-selective adenosine receptor antagonist 8-(p-sul- 
phophenyl)-theophylline and the A2A receptor selective antagonist 8-(3- 
chlorostyryl)caffeine abolished the inhibitory action of CGS 21680. Intracellu- 
lar GDP-]3-S, which is known to prevent G protein-mediated reactions, also 
eliminated the effect of CGS 21680. Extracellular dibutyryl cAMP, a mem- 
brane permeable analogue of cAMP, and intracellular Sp-cAMPS, an activa- 
tor of cAMP-dependent protein kinases (PKA), both abolished the CGS 
21680-induced inhibition. By contrast, Rp-cAMPS and PKI 14-24 amide, two 
inhibitors of PKA had no effect. Intracellular U-73122 (a phospholipase C 
inhibitor) and heparin (an inositoltriphosphate antagonist) prevented the 
effect of CGS 21680. Finally, a more efficient buffering of intracellular Ca 2+ by 
a substitution of EGTA (11 mM) by BAPTA (5.5 mM) acted like U-73122 or 
heparin. Hence, A2A receptors appear to negatively modulate NMDA recep- 
tor channel conductance via the phospholipase C/inositoltriphosphate/Ca 2+ 
pathway rather than the adenylate cyclase/PKA pathway. 
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Introduction 

Four adenosine receptors have been cloned to date, and are referred to as the 
A1, A2A, A2B and A3 subtypes (Fredholm et al., 1994). In the brain, the occur- 
rence of A2A receptors is mostly restricted to the striatum (Jarvis and Williams, 
1989), where they are expressed in the T-aminobutyric acid (GABA)ergic 
medium-sized spiny projection neurons (Schiffmann et al., 1991). The striatum 
receives massive glutamatergic inputs from the cerebral cortex and related 
structures (Parent, 1990). It is well established that activity in glutamatergic 
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corticostriatal afferents induces excitation of the medium spiny neurons via 
postsynaptic N-methyl-D-aspartate (NMDA)  and n o n - N M D A  receptors (Ca- 
labresi et al., 1996). Fur thermore,  it has been shown by whole-cell patch clamp 
methods in a rat striatal brain slice preparat ion that adenosine and its A2A 
receptor selective structural analogue CGS 21680 inhibit NMDA-evoked  in- 
ward currents in a subset of medium spiny neurons (N6renberg et al., 1997). 
High levels of A;A binding were only detected in GABAerg ic  striatal neurons 
containing also enkephalins (Schiffmann et al., 1991) and projecting to the 
external segment of the globus pallidus (Alexander  and Crutcher, 1990). An- 
other  group of medium spiny neurons are positive for substance P (Penny et al., 
1986) and project to the basal ganglia output nuclei such as the substantia nigra 
pars reticularis (Alexander  and Crutcher, 1990). Hence,  it was concluded that 
CGS 21680-sensitive neurons belong to the subpopulation which projects to 
the external segment of the globus paUidus. The aim of the present paper was 
to clarify the transduction mechanism by which A2A receptors depress N M D A  
currents in these striatal neurons.  

Methods 

Membrane currents of medium spiny neurons in striatal brain slices were recorded in the 
whole-cell configuration by procedures similar to those described previously (Edwards et 
al., 1989; N0renberg et al., 1997). Brain slices were superfused (3 ml/min) with artificial 
cerebrospinal solution saturated with 95% 02 and 5% CO2 of the following composition 
(mM): NaC1 126, KC1 2.5, NaH2PO4 1.2, CaC12 2.4, NaHCO3 26 and glucose 10; pH 7.4. 
The bath temperature was kept at room temperature (23-25°C). Patch pipettes were filled 
with intracellular solution of the following composition (mM): potassium gluconate 140, 
NaC1 10, MgC12 1, HEPES 10, EGTA 11, MgATP 1.5 and GTP 0.3; pH 7.3 was adjusted 
with KOH. Data were recorded and filtered at 3-10 kHz with a patch clamp amplifier 
(EPC-7; List Electronic, Darmstadt, Germany). Then, data were digitized at 0.15-3 kHz 
(Model 1401, Cambridge Electronic Devices, Cambridge, U.K.) and stored on a laborato- 
ry computer. Further analyzis was performed by commercially available patch and voltage 
clamp software. 

Only cells having a diameter smaller than 14/3m and a membrane potential more 
negative than -60 mV were included in this study. All drugs were applied by changing the 
superfusion medium by means of three-way taps. 

Results 

Possible actions of A2A receptor  agonists on NMDA- induced  inward currents 
were evaluated by the following protocol: N M D A  (10 yM) was superfused 
twice or three times for 1.5 min (T1, T2, T3) to the same cell with a drug-free 
interval of 10 min. N M D A  (10 ~tM) - evoked currents were stable under  these 
conditions. However ,  when the A2A receptor  selective agonist CGS 21680 
(0.1/.tM) was present  in the bath 5 rain before and during the second applica- 
tion of N M D A  (10/.tM; T2) an inhibition was observed which did not reverse 
after washout for 10 min at T3 (Fig. 1A). As reported previously, CGS 21680 
was active only in a subset of neurons (70-80%) (N6renberg et al., 1997); non- 
responsive cells were  not included in the calculation of the means. The CGS 
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Fig. 1. Effect of CGS 21680 on NMDA currents in rat striatal neurons. NMDA (10/_tM) 
was applied three times (A 7"1, T:, Ts) or twice (B T1, T2) for 1.5 min each and with a 
10 min interval between applications. CGS 21680 (0.1 /,tM) was superfused for 5 rain 
before and during T2. A CGS 21680 (0.1 yM) inhibited the NMDA (10 #M) -evoked 
current when a standard pipette solution containing also GTP (0.3 mM) was used (n = 6). 
The substitution of GTP (0.3 mM) by GDP-/3-S (0.3 mM) abolished the effect of CGS 
21680 (n = 6). B Internal microperfusion with Sp-cAMPS (30 ftM; n = 6) abolished the 
effect of CGS 21680 (0.1 yM), while microperfusion with Rp-cAMPS (30/~M, n = 6) or 
PKI (14-24)amide (10/,tM; n = 6) did not alter it. CGS 21680 (0.1 ~M) clearly depressed 
the current induced by NMDA (10 /,tM) when a standard pipette solution was used 
(Control; n = 5). The effects of T: were normalized with respect to the effect of T1. The 
current induced by NMDA (10 /~M) was -193.8 + 27.5 pA (n : 35) at T1. *p < 0.05; 
significant difference from zero. **p < 0.05; significant difference from the effect of CGS 

21680 with a standard pipette solution 
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21680 (0.1/.tM) -induced depression of the second (T2) and third (T3) NMDA 
(10/.tM) currents was no longer detectable in cells internally microperfused 
with GDP-/3-S (0.3 mM; Fig. 1A). Otherwise, the substitution of GTP 
(0.3 mM) in the standard pipette solution by GDP-fl-S (0.3 mM) did not 
change the amplitude of the NMDA (10/.tM) -induced currents at T1. 

The non-selective adenosine receptor antagonist 8-(p-sulphophenyl)-theo- 
phylline (100/./M) and the A2A receptor selective antagonist 8-(3- 
chlorostyryl)caffeine (1 /.tM) abolished the inhibitory action of CGS 21680 
(0.1/./M) at T2. Both antagonists were present 15 min before the start of and 
throughout the experiments. 

In order to investigate a possible role of the adenylate cyclase/proteinki- 
nase A pathway, the membrane permeable analogue dibutyryl cAMP 
(100/.tM) was superfused together with CGS 21680 (0.1/.tM) 5 min before and 
during the second application of NMDA (10/.tM). The coapplication of dib- 
utyryl cAMP suppressed the effect of CGS 21680 (0.1 /.tM). Interestingly, 
dibutyryl cAMP (100/.tM) alone potentiated NMDA (10/.tM) responses. When 
Sp-cAMPS (30/./M) an activator of cAMP-dependent protein kinases (PKA) 
was included in the pipette solution, CGS 21680 (0.1/_/M) once more lost its 
inhibitory action on the NMDA (10/.tM) current (Fig. 1B). On the other hand, 
the diastereomer Rp-cAMPS (30/./M) which inhibits the activation by cAMP 
of PKA did not alter the effect of CGS 21680 (0.1 ~tM) (Fig. 1B). Another 
PKA inhibitor (PKI 14-24 amide; 10 yM) had also no effect (Fig. 1B). 

In a last series of experiments, the role of the phospholipase C/inositoltri- 
phosphate (InsP3)/Ca 2+ pathway was investigated. For this purpose a phos- 
pholipase C inhibitor (U-73122) and an antagonist of InsP3 (heparin) were 
included in the patch solution. Both U-73122 (1/.tM) and heparin (10 mg/ml) 
abolished the effect of CGS 21680 (0.1 /_/M) (Fig. 2B). A more efficient 
buffering of intracellular Ca 2+ by a substitution of EGTA (11 mM) by BAPTA 
(5.5 mM) also interfered with the CGS 21680 (0.1/.tM) -induced inhibition of 
the NMDA (10 htM) current (Figs. 2A and B). 

Discussion 

As reported previously, the activation of A2A receptors by CGS 21680 inhib- 
ited the conductance of NMDA receptor channels on striatal medium spiny 
neurons (NOrenberg et al., 1997). Inactivation of G proteins with GDP-fl-S 
(Sternweis and Pang, 1990) abolished the inhibitory effect of CGS 21680, 
indicating the coupling of A2A receptors to a G protein. A2 receptors are 
defined by their ability to stimulate adenylate cyclase (Van Calker et al., 
1979). Since, almost all neurotransmitter receptors examined to date have 
been shown to be regulated by protein phosphorylation (Huganir and Green- 
gard, 1987; Swope et al., 1992), the most likely transduction mechanism of 
A2A receptors is the activation of the adenylate cyclase/PKA system. One 
would expect that an increase in intracellular cAMP, as well as the activation 
of PKA should mimick the effects of A2A receptor stimulation, whereas 
inhibitors of this enzyme should have the opposite effect. However, the 
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Fig. 2. Effect of CGS 21680 on NMDA currents in rat striatal neurons. NMDA (10/~M) 
was applied twice (TI, T2) for 1.5 rain each and with a 10 min interval between applica- 
tions. CGS 21680 (0.1 yM) was superfused for 5 min before and during 3"=. A Represent- 
ative recording with a pipette solution in which EGTA (11 mM) was substituted with 
BAPTA (5.5 mM). The dotted line indicates the zero current potential. All compounds 
were present in the superfusion medium (NMDA, CGS 21680) or the pipette solution 
(BAPTA) over the periods marked by the horizontal bars. B Internal microperfusion with 
U-73122 (10 yM; n = 8), heparin (10 mg/ml; n = 6) or BAPTA (5.5 mM; n = 7; see also A) 
abolished the effect of CGS 21680 (0.1 yM). CGS 21680 (0.1 ~tM) clearly depressed the 
current induced by NMDA (10/IM) when a standard pipette solution was used (n = 13). 
The current induced by NMDA (10 yM) was -159.6 _+ 19.5 pA (n = 34) at T1. *P < 0.05; 
significant difference from zero. **P < 0.05; significant difference from the effect of CGS 

21680 with a standard pipette solution 

m e m b r a n e  p e r m e a b l e  s t ructura l  ana logue  of  c A M P ,  d ibu tyry l  c A M P  in- 
c reased  N M D A  currents .  In acco rdance  with  this f inding, the  act ivat ion of  
P K A  was r e p o r t e d  to a u g m e n t  r a the r  than  to inhibit  N M D A  r e c e p t o r  chan-  
nel  c o n d u c t a n c e  ( R a m a n  et al., 1996). M o r e o v e r ,  d ibu tyry l  c A M P  and  the  
P K A  act ivator  Sp -cAMPS (Van  Haas t e r t  et  al., 1984) abol i shed  the  effect  of  
CGS 2168 in the  p resen t  exper iments ,  while  P K A  inhibi tors  ( R p - c A M P S ,  
PKI  14-24 amide;  V a n  H a a s t e r t  et al., 1984; Cheng  et al., 1986) did not  
in te r fe re  with CGS 21680. 
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It is not  known  hi ther to  whe the r  there  are G proteins  o ther  than  Gs that  
interact  with A2A receptors,  or whe the r  the G prote in  coupled  to A2A recep- 
tors may  influence effectors o ther  than adenylate  cyclase (Fredho lm et al., 
1994). The  present  results suggest that  an increase in intracellular Ca 2+ which 
is know n  to negatively modu la t e  the conductance  of N M D A  receptors  (Leg- 
endre  et al., 1993; Jones  and Westbrook,  1996) is the final step in the  sequence 
of events init iated by A2A receptor  st imulation.  In fact, a more  efficient 
buffering of intracellular Ca 2+ by B A P T A  instead of E G T A  abolished the 
CGS 21680 effect. The  release of intracellular Ca 2+ may  be due to the 
activation of the phosphol ipase  C/lnsP3 system by A2A receptors.  Indeed,  bo th  
the phosphol ipase  C inhibitor U-73122 (Smith et al., 1990) and the InsP3 
antagonist  hepar in  (Salter and Hicks, 1995) p reven ted  the effect of CGS 
21680. 
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