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Enhancement of AMPA Currents and GluR1 Membrane
Expression Through PKA-Coupled Adenosine A2A Receptors
Raquel B. Dias,1,2 Joaquim A. Ribeiro,1,2 and Ana M. Sebastião1,2*
ABSTRACT:
Phosphorylation of glutamate a-amino-3-hydroxy-5-methyl4-isoxazolepropionic acid (AMPA) receptors by Protein Kinase A (PKA) is
known to regulate AMPA receptor (AMPAR) trafﬁcking and stabilization
at the postsynaptic membrane, which in turn is one of the key mechanisms
by which synaptic transmission and plasticity are tuned. However, not
much is known as to how Gs-coupled receptors contribute to endogenous
PKA-mediated regulation of AMPA receptor function. Here we report that
activation of the excitatory A2A adenosine receptor by 2-[4-(2-p-carboxyethyl)phenylamino]-50 -N-ethylcarboxamidoadenosine (CGS 21680, 1–
30 nM) facilitates AMPA-evoked currents in CA1 pyramidal neurons, by a
mechanism dependent on PKA activation, but not on protein synthesis.
This modulation of AMPA currents was mimicked by forskolin (1 lM) and
did not occur in stratum radiatum interneurons. Superfusion of the A2A
receptor agonist also caused an increase in the amplitude of miniature
excitatory postsynaptic currents (mEPSCs), as well as in the membrane
levels of GluR1 subunits phosphorylated at the PKA site (Ser845). The
impact of this increase on GluR1-containing AMPA receptor expression
was evidenced by the potentiation of LTP at the CA3-CA1 synapse that
followed brief activation of A2A receptors. We thus propose that in conditions of increased adenosine availability, A2A receptor activation is
responsible for setting part of the endogenous GluR1 Ser-845 phosphorylation tonus and hence, the availability of the GluR1-containing AMPA
receptor extrasynaptic pool for synaptic insertion and reinforcement of
synaptic strength. V 2010 Wiley-Liss, Inc.
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INTRODUCTION
Most of the fast excitatory transmission that takes place in the central
nervous system is mediated by ionotropic glutamate AMPA receptors,
and their modulation is thus accountable for profound changes in synaptic efﬁciency. AMPA receptors are tetramers composed of variable
combinations of four different subunits (GluR1-GluR4), which assemble
into pore-forming, neurotransmitter-sensitive complexes (Hollmann and
Heinemann, 1994) essentially permeable to sodium and potassium ions.
AMPA receptor function is regulated by PKA and Ca21/calmodulin-ki1
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nase II (CaMKII)/Protein Kinase C (PKC)-dependent
phosphorylation of receptor GluR1 subunits (Lee
et al., 2003a), resulting in modulation of receptor
delivery rate to the synapse (Lu et al., 2001) or regulation of the receptor ion channel properties (Derkach
et al., 1999; Banke et al., 2000).
Activity-dependent release of adenosine and of its
precursor, ATP, into the synaptic cleft, ﬁne-tunes synaptic activity (Sebastião and Ribeiro, 2000). Through
high afﬁnity A1 receptors, adenosine depresses the
release of excitatory neurotransmitters, being part of a
negative feedback loop capable of refraining neuronal
excitability. High afﬁnity adenosine A2A receptors are
mostly devoted to metamodulation, by regulating the
activity of other neuromodulators. For example, A2A
receptors are known to control the fast actions of the
neurotrophin brain derived neurotrophic factor
(BDNF) at hippocampal synapses (Diógenes et al.,
2004; Fernandes et al., 2008), with consequences for
synaptic plasticity (Fontinha et al., 2008) and learning
(Fontinha et al., 2009). A2A receptors are G protein
coupled receptors, which are most frequently positively coupled to adenylate cyclase (AC), but may also
operate through PKC signaling. Indeed, control of
synaptic actions of BDNF at the hippocampus
involves PKA (Diógenes et al., 2004; Fontinha et al.,
2008), whereas the A2A receptor-mediated inhibition
of A1 receptor functioning involves PKC activity
(Lopes et al., 1999a). In the hippocampus, A2A receptors are expressed in presynaptic terminals, in the
postynaptic density and the cell body of pyramidal
neurons, as indicated by immunocytochemistry
(Rebola et al., 2005b) and in situ hybridization (Lee
et al., 2003b) studies. They thus occur in proximity
of postsynaptic AMPA receptors.
We therefore hypothesized that A2A receptors could
inﬂuence AMPA receptor functioning with impact for
synaptic plasticity phenomena. We found that AMPAevoked currents recorded from pyramidal neurons of
the rat hippocampus are enhanced by A2A receptor
activation, an action that requires PKA activity and
correlates with increased pSer 845 GluR1 membrane
expression, as well as with enhanced long-term potentiation (LTP) of afferent-evoked currents. Given that
synaptic release of the adenosine precursor, ATP, is
particularly relevant upon high-frequency neuronal ﬁring (Wieraszko et al., 1989) and since released ATP
(Cunha et al., 1996) as wells as high-frequency neuronal stimulation (Correia-de-Sá et al., 1996) both favor
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A2A receptor activation, the present work allows identiﬁcation
of a missing link between high frequency neuronal ﬁring and
postsynaptic reinforcement of AMPA receptor function.

MATERIALS AND METHODS
All experiments were conducted on acute hippocampal slices
prepared from male Wistar rats (3–4 weeks old, Harlan Iberica,
Spain), handled according to the Portuguese law on Animal
Care and European Union guidelines (86/609/EEC).

Tissue Preparation
Experimental procedures were identical to those previously
used (Fernandes et al., 2008). The animals were sacriﬁced by
decapitation under deep halothane anesthesia. The brain was
quickly removed, hemisected and one hippocampus used to
obtain transverse slices (300-lm-thick), cut on a vibratome
(VT 1,000 S; Leica, Nussloch, Germany) in ice-cold dissecting
solution containing (in mM): sucrose 110; KCl 2.5; CaCl2 0.5;
MgCl2 7; NaHCO3 25; NaH2PO4 1.25; glucose 7, oxygenated
with 95% O2 and 5% CO2, pH 7.4. Slices were ﬁrst incubated
for 30 min at 358C in artiﬁcial cerebrospinal ﬂuid (aCSF),
containing (in mM): NaCl 124; KCl 3; NaH2PO4 1.25;
NaHCO3 26; MgSO4 1; CaCl2 2; and glucose 10, pH 7.4,
gassed with 95% O2 and 5% CO2, and used after recovering
for at least 1 h at room temperature.

Electrophysiology
Individual slices were ﬁxed with a grid in a recording chamber (1 ml plus 200 ll dead volume) and were continuously
superfused at 2–3 ml/min with aCSF. Unless stated otherwise,
drugs were added to this superfusion solution and reached the
recording chamber within 1 min.
Patch pipettes had resistance of 4–7 MX when ﬁlled with an
internal solution containing (in mM): K-gluconate 125; KCl
11; CaCl2 0.1; MgCl2 2; EGTA 1; HEPES 10; MgATP 2;
NaGTP 0.3 and phosphocreatine 10, pH 7.3, adjusted with
NaOH (1 M), 280–290 Osm. In some experiments, which
where speciﬁed, H-89 (1 lM), GF109203X (1 lM) or cycloheximide (10 lM) were added to the pipette solution, so as to
impair PKA or PKC activity, or postsynaptic protein synthesis,
respectively. In these experiments, a 30-min period, prior to
CGS 21680 application, was allowed for diffusion of the inhibitor into the intracellular milieu of recorded cells.
Whole-cell patch-clamp recordings were obtained from CA1
pyramidal cells or stratum radiatum interneurons, which were
visualized with an upright microscope (Zeiss Axioskop 2FS)
equipped with infrared video microscopy and differential interference contrast optics. Recordings were performed at room
temperature (22–248C). Pyramidal cells were distinguished
from interneurons for their slower ﬁring frequencies, longer
action potentials and for featuring spike-frequency adaptation,
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during a 500 ms step depolarization up to 240 mV (Supporting Information Fig. 1). Current recordings were performed in voltage-clamp mode (Vh 5 270 mV) with either
an EPC-7 (List Biologic, Campbell, CA) or an Axopatch 200B
(Axon Instruments) ampliﬁer, since two different patch-clamp
set-ups were used in the course of the work herein described.
The junction potential was not compensated for and offset
potentials were nulled before giga-seal formation. Small voltage
steps (5 mV, 50 ms) were delivered throughout the experiment,
in order to monitor the access resistance. The holding current
was also constantly monitored and when any of these parameters varied by more than 20%, the experiment was rejected.
The current signal was ﬁltered using built in 2 or 3 and 10
kHz three-pole Bessel ﬁlters and data were digitized at 2, 5 or
10 kHz, under the control of either the LTP (Anderson and
Collingridge, 2001), winLTP 0.94 (Anderson, 1991–2006) or
pClamp 10 (Molecular Devices) software programs. Data were
analyzed using the off-line reanalysis version of winLTP or
Clampﬁt 10.2 software.

AMPA-Evoked Currents
AMPA-evoked currents were elicited once every 2 min by
pressure ejection (5–10 psi, 4–20 ls, pneumatic picopump, PV
820 WPI Instruments, or Toohey Spritzer) of AMPA (60–120
lM) through a micropipette positioned near the soma of the
recorded cell.

mEPSC Recordings
Miniature excitatory postsynaptic currents (mEPSCS) were
recorded in aCSF supplemented with tetrodotoxin (TTX, 0.5
lM) and bicuculline (bicc, 20 lM). Analysis of miniature
events was performed with the Clampﬁt 10.2 software, by scanning gap-free recordings for asymmetric events with the rise
time shorter than the decay time and amplitudes > background, using template-based event search (Clements and Bekkers, 1997). mEPSC data was sampled at 10 KHz and an offline low-pass Gaussian ﬁlter (400 Hz with a -3dB cut-off ) was
used. mEPSC frequency and amplitudes were established by
analyzing two 10 min periods, one immediately before addition
of the A2A receptor agonist to the superfusion medium and the
other of the ﬁnal 10 min period recorded in the presence of
CGS 21680 (30 nM). mEPSC frequency ranged between 0.16
and 2.5 Hz and the average number of events analyzed in each
recording was 418659 (mean6SEM from 18 experiments). To
address the possibility of rundown or loss of sensitivity of
AMPA receptors during whole-cell recordings of spontaneous
miniature excitatory currents (Wang et al., 1991), CGS 21680
was applied at least 30 min after establishment of the wholecell conﬁguration, a time at which the decline of miniature
events has been shown to be minimum (Sokolova et al., 2006).

EPSC Recordings and LTP
Afferent-evoked excitatory postsynaptic currents (EPSCs)
were recorded in the whole-cell conﬁguration from CA1 py-
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ramidal neurons and were elicited by 0.2 ms rectangular pulses,
delivered once every 30 s through a concentric electrode (Harvard) placed in the Schaffer Collaterals/comisural afferents of
the CA1 area. Averages of four consecutive individual recordings were used for analysis. EPSCs were recorded at Vh 5 -70
mV, in aCSF containing bicuculline (20 lM, to prevent activation of postsynaptic GABAA receptors and therefore minimize
the inﬂuence of GABAergic transmission) and with an external
Mg21 concentration of 1 mM, so that most of the EPSC
response corresponded to the AMPA component of glutamatergic transmission. Long term potentiation (LTP) of EPSCs was
induced by coupling depolarization to 0 mV for 15s with the
delivery of four brief high-frequency tetani (50 pulses at 50
Hz) spaced by 4s intervals (Chen et al., 1999), in aCSF containing an external Ca21 concentration of 4 mM and either in
the presence or absence of bicuculline as indicated. Data were
not included for analysis when pairing failed to result in a
40% potentiation in the ﬁrst two minutes after paired stimuli
delivery.

Protein Biotinylation
Whole-cell and membrane protein extracts were prepared
from control and test slices, which were incubated under oxygenation, for 40 min with or without CGS 21680 (30 nM).
Two slices per group per experiment were used. Slices were
then washed three times with ice-cold PBS/Ca21/Mg21 buffer
composed of (in mM): 136.9 NaCl, 2.7 KCl, 4.3 NaH2PO4.2(H2O), 1.5 KH2PO4, 1 CaCl2, 0.5 MgCl2, and incubated with EZ-Link sulfo-NHS-LC-biotin (1 mg/ml, Pierce)
for 1 h, at 48C using gentle agitation, which has been shown
to ensure a complete biotinylation in hippocampal slices even
thicker (400 lm) (Thomas-Crussels et al., 2003) than those
presently used (300 lm). Biotin was dissolved in a biotinylation buffer composed of (in mM): 10 TEA, 2 CaCl2, 150
NaCl, pH 7.4. Slices were washed three times with cold PBS/
Ca21/Mg21 buffer and then incubated with 100 mM glycine
in PBS/Ca21/Mg21 buffer, for 30 min at 48C, so as to quench
free biotin. After washing again three times with cold PBS/
Ca21/Mg21 buffer, slices were lysed on ice, by mechanical homogenization in RIPA (lysis buffer composed of 50 mM Tris
base pH8, 1 mM EDTA, 150 mM NaCl, 0.1% SDS, 1%
NP40), supplemented with protease inhibitor cocktail tablets
(Roche). Samples were centrifuged at 14,000 rpm for 10 min
(at 48C) and the supernatant was separated from the pellet
(discarded as undigested material) and further processed. The
protein content of each sample was then determined, using the
Bradford method (Bradford, 1976); average protein concentration was 1.34 6 0.20 mg/ml for control samples and 1.36 6
0.26 mg/ml for those treated with the A2A receptor agonist.
Samples were left to incubate with streptavidin (Sigma, 2 ll/10
lg of sample protein) overnight at 48C, in orbital agitation.
Samples were centrifuged at 14,000 rpm for 10 min and the
supernatant (whole-cell fraction of both control and test samples) was stored in the freezer for further immunoblot analysis.
The pellet (biotinylated proteins conjugated with streptavi-
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din—surface membrane fraction) was then washed three times
with RIPA, by 10 min centrifugations at 14,000 rpm, after
which 70 ll of Lammli buffer (350 mM Tris-HCl pH 6.8;
600 mM DTT; 30% glycerol; 10% SDS and 0.012% Bromophenol Blue) were added to the sample, before a 5 min incubation at 958C. After a 10 min centrifugation at 14,000 rpm, the
supernatant was collected (containing membrane proteins free
of streptavidin-biotin conjugates) and stored for immunoblot
analysis.

Immunoblot Analysis
Samples processed as above were run on standard 8% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDSPAGE) and transferred to nitrocellulose membranes (Amersham). After blocking for 1 h with a 5% milk solution, membranes were then probed using antiphospho-Ser-845-GluR1
(1:1,500 or 1:2,000, Chemicon), anti-GluR1 (1:4,500,
Upstate) or anti-b-actin (1:5,000, Abcam) primary antibodies,
with which they were left to incubate overnight, at 48C. Incubation with antirabbit IgG-HRP conjugated secondary antibodies (1:7,500, Biorad) was performed at room temperature, for
1 h. Development of signal intensity was done using the ECL
Plus Western Blotting Detection System (Amersham) and
quantiﬁcations were attained by densitometric scanning of the
ﬁlms, performed with the Image J software. b-actin density was
used as a loading control.

Drugs
CGS 21680 (2-[4-(2-p-carboxyethyl)phenylamino]-50 -N-ethylcarboxamidoadenosine, Sigma), SCH 58261 (7-(2-phenylethyl)-5-amino-2-(2-furyl)-pyrazolo-[4,3-e]-1,2,4-triazolo[1,5-c]pyrimidine, Sigma-Aldrich), CPA (N6-cyclopentyladenosine,
Tocris) and H-89 (N-[2-((p-bromocinnamyl)amino)ethyl]5-isoquinolinesulfonamide, Sigma-Aldrich) were made up in 5 mM
stock solutions in dimethylsulfoxide (DMSO). DPCPX (8Cyclopentyl-1,3-dipropylxanthine, Sigma-Aldrich) was also prepared as a 5 mM stock solution, in DMSO. TTX (Tetrodotoxin, Tocris), AMPA (RS-alpha-amino-3-hydroxy-5-methyl-4isoxazolepropionic acid, Sigma-Aldrich) and APV (DL-2amino-5-phosphonovaleric acid, Tocris) were made up in water,
in 1, 10 and 25 mM stock solutions, respectively. Cycloheximide (Tocris) was also prepared in water, in a 10 mM stock solution. GF109203X (bisindolylmaleimide I, Tocris) and bicuculline (Sigma-Aldrich) were made up in DMSO, in 1 and
100 mM stock solutions, respectively. CNQX was either prepared as a 100 mM stock solution in DMSO (6-cyano-7-nitroquinoxaline-2,3-dione, Tocris), or as a 10 mM stock solution
in water (CNQX-disodium salt, Ascent). Forskolin (SigmaAldrich) was prepared in DMSO, in a 10 mM stock solution.
Aliquots of all stock solutions were kept at 2208C until use.
The maximum DMSO concentration used in the superfusion
solution (0.0026%, v/v) was devoid of effects on AMPA current amplitude (Supporting Information Fig. 2). The maximum
concentration used in the pipette solution was 0.1% (v/v) for
Hippocampus

4

DIAS ET AL.

the GF109203X experiments and it did not affect the ability of
CGS 21680 (30 nM) to facilitate AMPA current amplitude.

RESULTS
Activation of A2A Adenosine Receptors
Facilitates AMPA-Evoked Currents in CA1
Pyramidal Neurons but not in Interneurons
To determine whether AMPA-mediated responses could be
regulated by activation of excitatory A2A adenosine receptors,
we performed whole-cell recordings of agonist-evoked currents
from either CA1 pyramidal cells or interneurons. We found
that activation of A2A receptors with a selective agonist, CGS
21680 (30 nM; Jarvis et al., 1989) enhanced the peak amplitude of AMPA-evoked currents recorded from CA1 pyramidal
neurons. Recorded currents started to increase only about 10–
15 min after starting CGS 21680 perfusion, the maximum
effect being observed at the end of about 50 min. This
enhancement was not reversible at least within 30 min after
starting drug removal from the bath. Current amplitude
enhancement by CGS 21680 (30 nM) was observed in 8 out
of 11 cells (73%). Absence of response to CGS 21680 also
occurred in subsequent sets of experiments, the percentage of
nonresponding cells usually being less than 1/3 of total cells
tested (except when A2A receptors or PKA were blocked, see
individual responses in statistics panels from Figs. 1, 3, 4, 6,
7). Data from all cells was, however, pooled together when calculating averaged effects of the A2A receptor agonist. This
avoids bias while calculating effects, though it may lead to
underestimation of CGS 21680 actions in responding cells. To

FIGURE 1.
Activation of A2A adenosine receptors potentiates
the amplitude of AMPA-evoked currents recorded from CA1 pyramidal cells. A: Whole-cell voltage-clamp recordings of AMPA
currents (right) and averaged time-course changes in AMPA current peak amplitude (left) caused by superfusion of the selective
A2A agonist CGS 21680 (30 nM). Superimposed traces in the right
panel represent AMPA-evoked currents obtained in one representative cell under control (1) and test (CGS 21680) conditions (2). In
each time-course panel, (A,B,D,E), each point represents the average of individual macroscopic responses to focal pressure application of AMPA, elicited once every 2 min. Horizontal bars on the
time-course panels indicate the time at which tested drugs were
applied to the superfusion medium; 100% corresponds to the averaged amplitude calculated for the 5–10 AMPA currents recorded
immediately before drug application. B: Averaged time-course
changes in AMPA current peak amplitude caused by CGS 21680
(30 nM), when added to superfusion medium containing a selective antagonist of A2A receptors (SCH 58261, 100 nM). C: Individual (dots) and average (bars) changes in current amplitude
induced by the A2A receptor ligands, as indicated below each data
set. D: Time-course changes (left) and recordings (right) of AMPAevoked currents in experiments where CGS 21680 (30 nM) was
added for only a 10 min period; note that under these conditions,
CGS 21680 triggered a facilitation of AMPA currents that was not
Hippocampus

keep information on the effects obtained in individual cells
available, statistical panels shown throughout the paper report
pooled averaged results as well as effects in individual cells.
An average increase of 26.9 6 6.9% (n 5 11, P < 0.05, as
compared with baseline values) in the peak amplitude of
AMPA currents was attained 36–40 min after adding CGS
21680 (30 nM) to the superfusion medium. However, as
shown in Figure 1A, AMPA currents continued to increase
beyond this time point so that 54–60 min after addition of
CGS 21680, current amplitude enhancement reached 45.2 6
5.9% (n 5 8). In most of the experiments described in this
work, CGS 21680 was applied for 40–50 min; therefore, to
allow comparison between CGS 21680 effects in different drug
conditions, and unless otherwise stated, the effect of CGS
21680 was quantiﬁed in each experiment by taking the current
amplitude values recorded during the last three time points of
a 40-min perfusion.
As expected, AMPA current facilitation by CGS 21680 was
fully prevented when a selective A2A antagonist, SCH 58261
(100 nM; Zocchi et al., 1996), was added to the superfusion
medium for at least 30 min prior to CGS 21680 application
(n 5 5, Fig. 1B). In some of the experiments and to save recording time, SCH 58261 was added to the superfusion immediately after establishing whole-cell conﬁguration. However, in
a subset of experiments, responses were allowed to stabilize
before addition of the A2A antagonist and in no case did its
perfusion for 40 min appreciably affect the amplitude of
AMPA currents (n 5 3, Fig. 1C).
Because of the apparent irreversibility of the increase in
AMPA current amplitude caused by CGS 21680, we hypothesized that the A2A receptor agonist would only need to be present for a short time to trigger a response. Indeed, when CGS
21680 was superfused by only a brief, 10 min period, we

statistically different (G) from that caused by longer applications
of CGS 21680. E: Averaged time-course panel and recordings
(right) of current amplitude changes caused by 30 nM CGS 21680
when applied in the presence of a selective GABAA receptor antagonist bicuculline (Bicc, 20 lM), the sodium channel blocker tetrodotoxin (TTX, 0.5 lM) and the NMDA receptor antagonist 2amino-5-phosphonovaleric acid (APV, 10 lM). Average facilitation
of AMPA-evoked currents in these conditions was not signiﬁcantly
different from that measured in the absence of blockers (G). F:
Concentration-response curve for the effect of the A2A receptor
agonist. Facilitation of AMPA current peak amplitude was signiﬁcant for all concentrations tested (P < 0.05, two-tailed paired ttest, compared with baseline, using absolute current values), except
for the lowest (1 nM) and the highest (100 nM). The number of
experiments for each concentration is indicated between parentheses. Each point is the averaged effect attained 40 min after initiating CGS 21680 superfusion. G: Values are mean 6 SEM. To allow
comparison between all data sets at the same time points, values
correspond to percentage changes recorded 34–40 min after initiating CGS 21680 superfusion. * P < 0.05 (two-tailed paired Student’s t-test, compared with baseline, using absolute current values); n.s. P > 0.05; d P < 0.05 (one-way analysis of variance
(ANOVA) followed by Dunnett’s multiple comparison test).
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observed a signiﬁcant facilitation of AMPA-evoked currents by
21.3 6 6.4% (n 5 7, P < 0.05, as compared with baseline,
Fig. 1D), 34–40 min after CGS 21680 application. The facilitation induced by a short time application of CGS 21680 was
slightly smaller, but not signiﬁcantly different from that
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observed when using longer (40 min) CGS 21680 superfusion
times (P > 0.05, Fig. 1G). The smaller effect of CGS 21680
after a short time application could be expected on the basis of
the long period needed for this ligand to reach the equilibrium
with its receptor (Jarvis et al., 1989). Still, these results clearly

FIGURE 1.
Hippocampus
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FIGURE 2.
Activation of A2A adenosine receptors does not
affect the amplitude of AMPA-evoked currents recorded from stratum radiatum interneurons. A: Averaged time-course changes in
AMPA current peak amplitude caused by superfusion of CGS

21680 (30 nM, n 5 7). Current tracings (right panel) of AMPAmediated currents recorded from a representative stratum radiatum
interneuron before (1) and 40 min after (2) starting superfusion of
the A2A receptor agonist.

show that a continuous activation of A2A receptors is not necessary for the increase in AMPA current amplitude to occur, suggesting that activation of A2A receptors is only required to trigger the activation of a transduction pathway, and from this
point onwards the presence of the A2A receptor agonist is no
longer a necessary step. When using lower concentrations of
CGS 21680 (1–10 nM), smaller but signiﬁcant facilitations of
AMPA-evoked currents were attained, except for the lowest
concentration tested (Fig. 1F). However, no signiﬁcant effect
was observed when CGS 21680 was applied at a concentration
of 100 nM (n 5 4, P > 0.05, Fig. 1F). The absence of effect
observed for the highest concentration could be due to desensitization of A2A receptors, or to A1 receptor activation due to
loss of selectivity of the agonist at high concentration. Indeed,
it has been reported that CGS 21680 at concentrations higher
than 100 nM failed to increase cAMP levels at hippocampal
nerve terminals (Lopes et al., 2002) and that at micromolar
concentrations it even inhibited hippocampal synaptic transmission through an A1 receptor-related mechanism (Lupica et al.,
1990). Therefore, concentrations of CGS 21680  100 nM
were no longer used.
Although the focus of the present work concerned A2A receptor-mediated modulation of AMPA currents, adenosine A1
receptors are also present at the hippocampus and frequently
operate to counteract A2A actions, as they are able to inhibit
AC/PKA dependent mechanisms (van Calker et al., 1979). We
therefore evaluated their role in the modulation of AMPA currents and we found that superfusion of a selective A1 receptor
agonist, N6-cyclopentyladenosine (CPA, 100 nM; Williams
et al., 1986), caused a signiﬁcant inhibition of AMPA current
amplitude (Supporting Information Fig. 3A).
The above results showing that both A1 and A2A receptor
agonists inﬂuence AMPA currents in the hippocampus, together with previous evidence that A2A receptor mediated
actions in the hippocampus are dependent on tonic A1 receptor
activation (Lopes et al., 2002), led us to evaluate whether an
A1 receptor antagonist could block the effect of CGS 21680.

We therefore used a selective A1 receptor antagonist, 8-cyclopentyl-1,3-dipropylxanthine (DPCPX), at a concentration (100
nM) nearly 200 times its Ki value for A1 receptors at the hippocampus (Sebastião et al., 1990). At this concentration,
DPCPX had no appreciable effect upon AMPA current amplitude (Supporting Information Fig. 3B) and did not prevent
CGS 21680-induced facilitation of AMPA currents (Supporting
Information Fig. 3C), precluding the possibility that the now
reported neuromodulatory action of A2A receptors results from
an interaction with A1 receptors.
Pyramidal neurons of the CA1 hippocampal area are responsible for the excitatory output of the hippocampus and are
under control of inhibitory GABAergic interneurons. Interneurons at the stratum radiatum receive glutamatergic inputs from
CA3 pyramidal cells and impinge their inhibitory output to
other interneurons and to CA1 pyramidal cells (Lopes da Silva
et al., 1990). Therefore, changes in the responsiveness of interneurons to excitatory inputs may have profound and diverse
inﬂuence on hippocampal output signaling. We thus evaluated
whether A2A receptors could also modulate AMPA currents at
stratum radiatum interneurons. Experiments were carried out
in as in pyramidal cells except that the electrodes were placed
over a stratum radiatum interneuron. CGS 21680 (30 nM)
was tested in seven cells from slices prepared from ﬁve different
animals, and in no case did its perfusion for 40 min appreciably affect the amplitude of recorded AMPA-evoked currents
(n 5 7, Fig. 2).

Hippocampus

A2A Receptor-Induced Potentiation of AMPA
Currents Does Not Depend on NMDA or
GABAA Receptor Activation, Nor Does It
Depend on Synaptic Activity
Since excitatory synaptic transmission in the hippocampus is
under GABAergic control (Lopes da Silva et al., 1990) and
GABA release from hippocampal nerve terminals is enhanced
by A2A receptor activation (Cunha et al., 2000), we performed
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from any interference with GABAergic transmission. Also,
because A2A receptors have been shown to directly affect
NMDA receptor function (Nikbakht and Stone, 2001; Rebola
et al., 2008), a selective NMDA receptor antagonist (APV, 10
lM) was concurrently added to the superfusion medium in
these experiments. The sodium channel blocker, tetrodotoxin
(TTX, 0.5 lM) was applied as well, so as to prevent action
potential generation, and therefore, neuronal communication.
Under these conditions, activation of A2A receptors caused a
29.7 6 10.4% facilitation of AMPA-evoked currents (n 5 8, P
< 0.05, Fig. 1E,G), measured 34–40 min after CGS 21680
application, thus dismissing the possibility that the effect of the
A2A receptor agonist is due to modiﬁed NMDA and/or
GABAA receptor-mediated transmission or to any other
mechanisms requiring action potential-dependent neuronal
communication.

Activation of A2A Receptors Increases the
Amplitude of mEPSCs

FIGURE 3.
Activation of A2A receptors increases the amplitude,
but not the frequency, of spontaneous miniature excitatory postsynaptic currents (mEPSCs). (A) In the upper panel are shown representative tracings of mEPSCs recorded in whole-cell conﬁguration
from a CA1 pyramidal cell, in the absence (upper trace) and presence (lower trace) of the A2A receptor agonist CGS 21680 (30 nM).
The two superimposed events depicted in the lower panel illustrate
one mEPSC recorded in control conditions (1) and one recorded in
the presence of the A2A agonist (2), from the same cell as in the
upper panel. The sodium channel blocker, tetrodotoxin (TTX, 0.5
lM) and the GABAA receptor antagonist bicuculline (bicc, 20 lM)
were present throughout recordings of spontaneous events. mEPSC
frequency and amplitude changes were quantiﬁed by analyzing two
10-min periods, one immediately before addition of the A2A receptor agonist and the other corresponding to the ﬁnal 10-min period
recorded in its presence. These variations were compared with those
measured in the absence of the A2A receptor agonist (control experiments), in the same time points of recording. B: Values are shown
as mean 6 SEM, as well as individual data obtained in the absence
(n 5 7) and presence (n 5 11) of CGS 21680, as indicated below
each data set. Each point represents the averaged mEPSC amplitude
(left) or frequency (right) recorded from each cell 30–40 min after
adding CGS 21680 or after the same time of recording, but in the
absence of CGS 21680, as indicated below each data set; 100% corresponds to data recorded before adding/not adding CGS 21680.
Individual run down for each cell and in each condition can be
evaluated by the deviation of each point from 100%. n.s. P > 0.05
and * P < 0.05 (two-tailed unpaired Student’s t-test, compared with
control experiments).

a set of experiments in the presence of a selective GABAA receptor antagonist (bicuculline, 20 lM) to evaluate if the
observed A2A receptor-mediated facilitatory effect could result

To further conﬁrm that A2A receptor-mediated facilitation of
AMPA-evoked currents is due to a postsynaptic mechanism, we
evaluated changes in the frequency and amplitude of miniature
excitatory postsynaptic currents caused by superfusion of the
A2A receptor agonist. These experiments were performed in
aCSF supplemented with TTX (0.5 lM) and bicuculline (20
lM) to prevent both spontaneous ﬁring of neurons and contribution of GABAergic transmission. Superfusion of CGS 21680
(30 nM) resulted in an increase in the amplitude of TTX-resistant mEPSCs by 10.2 6 3.3% (n 5 11, P < 0.05 when
compared with absolute baseline values, Fig. 3), measured 30–
40 min after starting CGS 21680 superfusion, as compared to
mEPSCs recorded in the 10 min previous to it. In absolute values, mEPSC amplitude was 9.9 6 0.9 pA in the baseline period and 11.0 6 1.1 pA, 30–40 min after addition of the A2A
receptor agonist to the superfusion. mEPSC frequency was not
affected by CGS 21680, as it was 100.1 6 8.0% of baseline
values (0.44 6 0.07 Hz before and 0.43 6 0.08 Hz after CGS
21680; n 5 11, Fig. 3). In another set of experiments performed in the absence of bicuculline, CGS 21680 (30 nM)
application for 40 min increased mEPSC amplitude by a similar magnitude (14.6 6 4.0%, n 5 15, P < 0.05) while event
frequency was virtually unchanged (P > 0.05). To control for
the possibility that this change in mEPSC amplitude could
result from time-dependent changes rather than CGS 21680
application, we repeated the experimental design (bicuculline
present), but omitting the addition of the A2A receptor agonist
to the bath solution. A comparison of the changes observed in
mEPSC amplitude and frequency in these control experiments
(n 5 7) with those observed at the same time point (40 min),
but in the presence of CGS 21680, is shown in Figure 3. Amplitude variation, but not frequency, was signiﬁcantly different
in both groups (Fig. 3B). Altogether, these data provide a further indication that A2A receptor activation postsynaptically
enhances AMPA receptor-mediated events. However, considering that neither the expression of A2A receptors in hippocampal
Hippocampus

FIGURE 4.
Facilitation of AMPA-evoked currents by A2A receptor activation is dependent on postsynaptic PKA, but not PKC,
activity. In A and B are shown averaged time-courses of current
amplitude changes caused by 30 nM CGS 21680 after loading of
recorded cells with either a selective PKC inhibitor (GF109203X,
1 lM) (A) or a selective PKA inhibitor (H-89, 1 lM) (B). In panel
A (right) are also shown superimposed current tracings of AMPAevoked currents obtained from a representative GF109203X-loaded
cell, in the absence (1) and presence (2) of the A2A receptor agonist. In all experiments, a 30 min period prior to CGS 21680
application was allowed for diffusion of the inhibitor into the intracellular milieu of recorded cells. In each experiment, the
involvement of PKA and of PKC activity was tested in different
slices taken from the same hippocampus; a positive control for a

GF109203X-loaded cell was a prerequisite to pursue with testing
the inﬂuence of H-89 in another cell. (C) Averaged and individual
effects of CGS 21680 when applied alone, or in the presence of
protein kinase inhibitors, as indicated below each data set. Effects
were quantiﬁed at 34–40 min after CGS 21680 addition. Superfusion of an adenylate cyclase activator (forskolin, 1 lM) for 40 min
(D) or 10 min (E) signiﬁcantly increased the amplitude of AMPAevoked currents, when compared with baseline. (F) Values are
mean 6 SEM of the effects observed following forskolin application by the period indicated below each data set, measured 34–40
min after starting its perfusion. * P < 0.05 (two-tailed paired ttest, compared with baseline, using absolute current values); n.s. P
> 0.05 and d P < 0.05 (one-way ANOVA followed by Dunnet’s
multiple comparison test).
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FIGURE 5.
Activation of A2A receptors enhances membrane
expression of phospho Ser845 GluR1. Expression of (A) GluR1
subunits phospshorylated at serine 845 (pGluR1 Ser845, n 5 5)
or (B) total GluR1 in biotinilated fractions (n 5 5) isolated from
slices that had been incubated for 40 min in the absence or in the
presence of the A2A receptor agonist, CGS 21680 (30 nM), as indicated below the columns. The same membrane extracts were used

for analysis in (A) an (B). Lower panels in both (A) and (B) show
representative Western Blots obtained from control slices (left
lane) and from slices treated with CGS 21680 (30 nM) for 40 min
(right lane). b-actin was used as a loading control (bottom lanes).
Values are average pGluR1 Ser 845 (A) or GluR1 (B) immunoreactivity, normalized to b-actin. * P < 0.05; two-tailed paired Student’s t-test.

neurons (Lee et al., 2003b), nor that of AMPA receptors (e.g.,
Shi et al., 1999) is restricted to a synaptic level, it would be
highly unlikely that changes in mEPSC amplitude alone could
fully account for the observed facilitation of AMPA-evoked currents by A2A receptor activation (see Discussion).

present in the pipette ﬁlling solution, CGS 21680 signiﬁcantly
potentiated AMPA current amplitude by 21.0 6 5.9%, after
34–40 min of agonist superfusion (n 5 8, P < 0.05, Fig. 4A).
This facilitation is slightly smaller but not signiﬁcantly different
from that observed in the absence of the inhibitor after the
same time of perfusion (P > 0.05, Fig. 4C). When PKA activity was impaired by addition of the PKA inhibitor, H-89 (1
lM; Chijiwa et al., 1990), to the pipette ﬁlling solution, facilitation of AMPA-evoked currents was completely abolished (n
5 6, Fig. 4B,C). Moreover, bath application of an adenylate
cyclase activator (forskolin, 1 lM; Seamon et al., 1981) caused
a facilitation of AMPA current amplitude by 33.7 6 8.7%
when applied for 40–50 min (n 5 10, P < 0.05, Fig. 4D) and
by 25.4 6 7.2%, when applied for only 10 min (n 5 6, Fig
4E), as measured 34–40 min after adding forskolin to the
aCSF. Therefore, PKA is required for the enhancement of
AMPA currents by the A2A receptor agonist, and adenylate cyclase activation mimics A2A receptor activation. In contrast,
PKC activity does not seem to be required for A2A receptorinduced enhancement of AMPA currents, with the slightly
smaller CGS 21680 effect observed upon PKC activity inhibition being probably due to interaction of the two transduction
pathways, as has been described for the regulation of Na(v)1.2
sodium channels (Cantrell et al., 2002) and GAT-1 GABA
transporters (Cristóvão-Ferreira et al., 2009). Altogether, data
support the idea that A2A receptors facilitate AMPA currents
through a mechanism that involves adenylate cyclase activation,
cyclic AMP formation and PKA activation. These results raised

Intracellular Blockade of PKA Activity Prevents
AMPA Current Potentiation
An enhancement of AMPA receptor function as a result of
Ser 831 and/or Ser 845 phosphorylation has been reported
(Banke et al., 2000; Derkach et al., 1999). Ser 831 can be
phosphorylated by both PKC and CaMKII, resulting in
increased AMPA receptor single-channel conductance, while
Ser 845 phosphorylation by PKA increases open-channel probability (Lee et al., 2003b) and enhances delivery of GluR1-containing AMPA receptors to extrasynaptic sites (Oh et al.,
2006). Interestingly, it was recently found that the neuropeptide PACAP enhances postsynaptic AMPA receptor function in
the hippocampus in a PKA-dependent way (Costa et al.,
2009). Considering that A2A receptors are coupled to excitatory
G proteins which most frequently leads to a raise in intracellular cyclic AMP levels (Fredholm et al., 2001), we hypothesized
that the A2A receptor agonist could be potentiating AMPA receptor function by means of a PKA-dependent mechanism. To
address this possibility, cells were loaded with protein kinase
inhibitors through the patch pipette solution. When a selective
PKC inhibitor (GF109203X, 1 lM; Toullec et al., 1991) was

Hippocampus
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the hypothesis that enhancement of AMPA currents induced by
A2A receptor activation could result from PKA-induced phosphorylation of GluR1 AMPA subunits with subsequent increase
in surface expression of GluR1 subunits.

The A2A Receptor Agonist CGS 21680 Increases
GluR1 Surface Expression
GluR1 recycling between the plasma membrane and endosomal compartments has been shown to be controlled by PKA
phosphorylation in dissociated hippocampal neurons (Ehlers,
2000). Even more relevant to this work is the ﬁnding that
GluR1 phosphorylation by PKA activation in intact hippocampal slices correlates with increased expression of GluR1-containing AMPA receptors in extrasynaptic sites (Oh et al., 2006). To
directly test the hypothesis that A2A receptor activation could
lead to an enhancement of the surface expression GluR1 receptor subunits, slices were incubated with or without CGS 21680
(30 nM) for 40 min, biotinilated samples were prepared (see
Methods) and run on 8% SDS-PAGEs. Expression of the
GluR1 AMPA receptor subunit was analyzed by western blot,
as were the levels of GluR1 phosphorylated at serine 845,
known as the PKA phosphorylation site (Roche et al., 1996),
by using an antibody that speciﬁcally recognizes that subunit
form (Mammen et al., 1997). In slices incubated with the A2A
receptor agonist, the surface expression of GluR1 phosphorylated at serine 845 was increased by 18.8 6 4.0% when compared with control slices (n 5 5, P < 0.05, Fig. 5A). This
increase occurred in the biotinilated fraction, but not in the
whole-cell fraction (% change: 22.3 6 4.4%). Furthermore,
when the biotinilated fractions were tested for total GluR1 immunoreactivity, those that had been prepared from
slices exposed to the A2A receptor agonist revealed a 17.5 6
2.1% increase in the membrane expression of GluR1 when
compared to control slices (n 5 5, P < 0.05, Fig. 5B). These
ﬁndings suggest an association between A2A receptor activation,
GluR1 phosphorylation at the Ser 845 residue and an increase
in the membrane expression of GluR1-containing AMPA
receptors.

FIGURE 6.
Facilitation of AMPA-evoked currents by A2A receptor activation is not dependent on postsynaptic protein synthesis. A: Averaged time-course of current amplitude changes caused
by 30 nM CGS 21680 upon loading of recorded cells with a protein synthesis inhibitor (cycloheximide, 10 lM). The lower panel
in (A) shows superimposed current tracings of AMPA-evoked currents recorded in the absence (1) and presence (2) of CGS 21680,
from a representative cycloheximide-loaded cell. In all experiments,
a 30-min period prior to CGS 21680 application was allowed for
diffusion of cycloheximide into the intracellular milieu of recorded
cells. B: Averaged and individual effects of CGS 21680 when
applied in the absence or in the presence of cycloheximide, as indicated below each data set. Effects were quantiﬁed at 34–40 min after CGS 21680 addition. Values are mean 6 SEM. n.s. P > 0.05,
two-tailed unpaired t-test; * P < 0.05 (two-tailed paired t-test,
compared with baseline, using absolute current values).
Hippocampus

A2A Receptor-Induced Potentiation of AMPA
Currents Does Not Depend on Postsynaptic
Protein Synthesis
The insertion of newly synthesized glutamate receptors in
the postsynaptic membrane can occur within a few minutes
(Huber et al., 2000). This prompted us to check whether de
novo synthesis of AMPA receptor subunits was required for the
observed A2A receptor-induced enhancement of AMPA-evoked
currents. Recorded cells were loaded with the protein synthesis
inhibitor cycloheximide, which was applied through the patch
pipette ﬁlling solution in order to inhibit protein synthesis in
the recorded cell only, without affecting the remaining cells in
the slice. This method of cycloheximide application has been
previously shown to efﬁciently inhibit protein synthesis with
consequences for LTP and spine expansion (Yang et al.,
2008a). We used 10 lM cycloheximide since bath application
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of even a lower cycloheximide concentration (3.5 lM) for 30
min proved to efﬁciently inhibit protein synthesis in hippocampal slices, as measured by 3H-valine incorporation
(Stanton and Sarvey, 1984). A minimum time of 30 min
between establishing whole cell conﬁguration and application
of CGS 21680 was used to allow diffusion of the drug into
the cell (Lüscher et al., 1999). Under such conditions, CGS
21680 (30 nM) caused a signiﬁcant facilitation of evoked
AMPA current amplitude (27.0 6 5.2%, measured 34–40
min after application of the A2A agonist, n 5 13, P < 0.05,
Fig. 6A), which was not signiﬁcantly different from that
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obtained after similar exposure time in cells not loaded with
the protein synthesis inhibitor (P > 0.05, Fig. 6B). This indicates that, at least within a time frame of 40 min, A2A receptor-mediated facilitation of AMPA function does not require
de novo synthesis of AMPA receptor subunits and, therefore,
suggests that the increase in surface GluR1 expression
observed upon A2A receptor activation results from the externalization of pre-existing AMPA receptors and/or prevention
of their internalization.

Effect of the A2A Receptor Agonist
Upon EPSCs and LTP
An enhancement of membrane expression of AMPA receptors at the hippocampus, if functionally relevant, might reﬂect
in changes in synaptic transmission as well as in synaptic plas-

FIGURE 7.
Activation of A2A receptors facilitates afferentevoked EPSCs and Long Term Potentiation (LTP). A: Averaged
time-course of afferent evoked excitatory postsynaptic current
(EPSC) peak amplitude changes caused by CGS 21680 (30 nM).
In the right panel are shown superimposed current tracings of
EPSCs recorded at the time-points indicated in A, for a representative cell. Current facilitation by CGS 21680 was signiﬁcantly
smaller (C) when recording afferent-evoked EPSCs (right columns)
than that attained when recording AMPA-evoked currents (left columns). B: Averaged time-course of EPSC peak amplitude changes
induced by a pairing LTP protocol in the absence (^) or after
(^) a brief exposure to CGS 21680 (30 nM), 20–30 min before
LTP induction. To save recording time, exposure to CGS 21680
for 10 min started immediately after going to whole cell conﬁguration; the agonist was then removed from the bath and LTP
induced 20–30 min after. Amplitude EPSC values recorded for 10
min before LTP induction were normalized to 100% and were
98.4 6 8.6 pA in cells that had been pre-exposed to CGS 21680,
and 111 6 16.5 pA in control ones. In the right panel are shown
superimposed current tracings of EPSCs recorded before (1,2) and
40–50 min after induction of LTP (3,4), from control (1,3; ^)
and CGS 21680-exposed cells (2,4; ^). Note that the magnitude
of LTP was signiﬁcantly higher (D) when a 10 min superfusion of
CGS 21680 preceded delivery of the LTP-inducing protocol. E:
Averaged time-course and current tracings of EPSC amplitude
changes induced by the same pairing LTP protocol in the presence
of bicuculline (20 lM), from control slices (*) and those continuously exposed to a selective A2A antagonist, SCH 58261 (l). Baseline amplitude EPSC values were 132 6 25.9 pA in cells exposed
to SCH 58261, and 123 6 29.6 pA in control ones. In each kind
of LTP experiment (B,E), LTP in the presence or absence of A2AR
ligands for each n was tested in two slices from the same hippocampus; in some experiments LTP was elicited ﬁrst in the test slice
(exposed to CGS 21680 or SCH 58261) while in others it was ﬁrst
induced in control slices, with similar results. F: LTP elicited in
the presence of bicuculline was signiﬁcantly higher than that
obtained by the same protocol, in its absence. G: A2A receptor
blockade signiﬁcantly diminishes LTP expression, in the presence
of bicuculline. Values are mean 6 SEM. * P < 0.05 (two-tailed
paired t-test, compared with baseline, using absolute current values); d P < 0.05 (two-tailed unpaired t-test, compared with CGS
21680 effect upon AMPA-evoked currents (C) or compared with
LTP induced in the absence of bicuculline (F)); / P < 0.05 (twotailed paired t-test, compared with control LTP).
Hippocampus
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ticity phenomena, such as long term potentiation (LTP). In the
next series of experiments, the CA1 afferent ﬁbers were electrically stimulated to record synaptically evoked excitatory postsynaptic currents (EPSCs) from CA1 pyramidal neurons. Under
these conditions, superfusion of the A2A receptor agonist led to
a small, but signiﬁcant, potentiation of EPSC peak amplitude
by 9.7 6 3.6%, at the end of 34–40 min (n 5 11, P < 0.05,
Fig. 7A). This facilitation of afferent-evoked EPSCs by CGS
21680 was about the same as the A2A agonist-induced enhancement of mEPSC amplitude (Fig. 3B), but signiﬁcantly smaller
than that measured in chemically evoked AMPA currents (P <
0.05, Fig. 7C). This difference suggests that distinct contributions by post- and extrasynaptic A2A receptors converge to
regulate AMPA receptor function in the postsynaptic neuron
(see Discussion).
To evaluate consequences for synaptic plasticity, we induced
LTP by using a protocol (see Methods) that couples bursts of
high frequency stimulation with postsynaptic depolarization of
the recorded neuron (Chen et al., 1999). To minimize failures
in LTP induction, these experiments were performed in aCSF
containing 4 mM Ca21, based on early evidence that inputs
tetanized in high (4 mM) Ca21 aCSF displayed greater
amounts of potentiation than those tetanized in control (2 mM
Ca21) solution (Huang et al., 1988). Mahkinson et al. (1999)
reported that a 10 min superfusion of aCSF with high (5 and
10 mM) Ca21 -containing aCSF induced a small and transient
potentiation of synaptic transmission that was converted to a
lasting, LTP-like potentiation when the slice had been previously exposed to the AC activator forskolin. Superfusion of
aCSF with high calcium by itself did not induce sustained LTP
(Huang et al., 1988; Mahkinson et al., 1999). Accordingly, in
control slices, this pairing protocol induced a 13.1 6 4.7%
increase in EPSC peak amplitude (n 5 6, Fig. 7B), measured
40–50 min after delivery of the LTP-inducing stimuli. However, in slices taken from the same hippocampus but that had
been brieﬂy (10-min superfusion) exposed to the A2A receptor
agonist (30 nM CGS 21680, 20–30 min before LTP induction), the peak EPSC amplitude was increased by 52.1 6
12%, 40–50 min after LTP induction (n 5 6, P < 0.05 compared with baseline; P < 0.05 as compared with absence of
CGS 21680, Fig. 7B, D). These data, taken together with evidence that CGS 21680 leads to increased surface expression of
the GluR1 subunit strongly suggest that A2A receptor activation
is important for the maintenance of LTP in the hippocampus,
perhaps by regulating the extrasynaptic pools of GluR1-containing AMPA receptors, which are continuously recycling with
intracellular pools (Adesnik et al., 2005; Oh et al., 2006).
Given that high-frequency neuronal stimulation leads to synaptic release of the adenosine precursor, ATP (Wieraszko et al.,
1989), which leads to extracellular accumulation of adenosine
favoring A2A receptor activation (Cunha et al., 1996; Correiade-Sá et al., 1996), we hypothesized that an endogenous A2A
receptor-mediated potentiation of AMPA function could
impact upon LTP expression. We therefore evaluated the inﬂuence of the selective A2A receptor antagonist, SCH 58261 (100
nM) upon LTP. These experiments were conducted in the presHippocampus

ence of a GABAA receptor blocker (bicuculline, 20 lM) which,
by precluding inhibition of pyramidal cells by GABAergic neurons, allowed the expression of a more robust LTP, being therefore a suitable protocol to evaluate a putative tonic LTP inhibition. LTP was induced as above. Under these conditions, an
87.2 6 19% increase in EPSC amplitude was observed in control slices 40–50 min after stimulus delivery (n 5 4, Fig.
7E,G), a facilitation that was signiﬁcantly different from that
observed in the absence of bicuculline (Fig. 7F). When the A2A
receptor antagonist was applied throughout the experiment, the
magnitude of LTP (21.8 6 6.4% increase in EPSC amplitude
at 40–50 min) was signiﬁcantly lower (n 5 4, Fig. 7E,G).
Taken together, these results show that not only can an exogenously applied A2A receptor agonist enhance LTP, but also and
more importantly, its expression is considerably diminished by
A2A receptor blockade, highlighting an important regulatory
role of adenosine A2A receptors upon LTP. In addition, the fact
that A2A receptor-mediated changes in LTP expression were
observed in the presence of a GABAA receptor blocker, allows
us to exclude the possibility that these changes might arise
from modiﬁcations in the GABAergic circuits of the
hippocampus.

DISCUSSION
The main ﬁndings of the present work were that activation
of adenosine A2A receptors postsynaptically enhances AMPA
receptor-mediated responses in the hippocampus, by means of
a PKA-dependent mechanism, and that this correlates with
increases in the surface expression of GluR1 subunits phosphorylated at the Ser 845 residue, as well as with enhancements in
synaptic transmission and plasticity.
After ﬁrst evidence that adenosine A2A receptors at the hippocampus enhance synaptic transmission (Sebastiao and
Ribeiro, 1992) and attenuate A1 receptor-mediated inhibition
of excitatory transmission (Cunha et al., 1994), attention has
focused on their presynaptic actions. These include facilitation
of glutamate release by restraining the inhibitory actions of A1
receptors (Lopes et al., 2002), with which they colocalize in
subsets of glutamatergic nerve terminals (Rebola et al., 2005a).
Reports on postsynaptic actions of A2A receptors in the hippocampus comprise depolarization associated with changes in
input resistance, compatible with potassium-channel inhibition
(Li and Henry, 1998) and attenuation of A1 receptor mediated
postsynaptic inhibition of cell ﬁring (O’Kane and Stone,
1998). Also, there is indirect evidence for a nonpresynaptically
mediated facilitation of the early phase of afferent evoked synaptic potentials (interpreted as a postsynaptic facilitation of
AMPA receptor function) upon activation of AC-coupled A2B
receptors (Kessey and Mogul, 1997), but the low afﬁnity of
these receptors for adenosine makes them less likely to play a
relevant role at synapses under physiological conditions
(Ribeiro et al., 2002). No study, so far, directly evaluated
whether postsynaptically located A2A receptors could inﬂuence
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AMPA receptor functioning, which is surprising given that
their high afﬁnity for adenosine prompts activation under nonpathological conditions. Moreover, A2A receptors are positively
coupled to adenylate cyclase (Furlong et al., 1992; Fredholm
et al., 2001), and AMPA receptor subunits are substrate for
PKA-dependent phosphorylation (Banke et al., 2000) with consequences for receptor cycling (Ehlers, 2000) and membrane
delivery (Oh et al., 2006), therefore to plasticity phenomena
(Oh et al., 2006; Esteban et al., 2003). Our results show that
adenosine A2A receptors postsynaptically facilitate AMPA receptor functioning and phosphorylation, an action that does not
require de novo protein synthesis, thus suggestive of enhanced
surface expression of already existing receptors. The PKA dependency of these effects could be concluded from the loss of
effect of the A2A receptor agonist in cells loaded with a PKA
inhibitor, as well as from the CGS 21680-induced increase in
the expression of membrane GluR1 subunits phosphorylated at
the PKA site. Furthermore, postsynaptic PKC inhibition did
not signiﬁcantly affect the facilitation of AMPA currents by
CGS 21680. However, A2A receptors can couple to different G
proteins (Fredholm et al., 2001) and the signal transducing
pathway operated may depend on both the nature of the effector system and the availability of G proteins and kinases in the
receptor’s vicinity. Accordingly, presynaptic PKA- (CristovaoFerreira et al., 2009) and PKC- mediated (Lopes et al., 2002;
Pinto-Duarte et al., 2005) A2A receptor actions have been identiﬁed in the hippocampus.
Blockade of A2A receptors prevented the facilitatory action of
CGS 21680 on AMPA currents but was devoid of effect when
added in its absence. This may imply that (1) under the superfusion conditions used, endogenous extracellular adenosine,
through A2A receptor activation, was not tonically modulating
AMPA receptors or (2) any pre-existing modulation by endogenous adenosine is hard to revert by later addition of the antagonist. The second possibility seems plausible since the consequences of A2A receptor activation with the exogenous agonist,
CGS 21680, were hardly reversible. Furthermore, even a brief
exposure to the agonist was enough to trigger a sustained facilitation of AMPA receptor signaling. This long lasting modulation of AMPA currents might be particularly relevant in conditions of coincident transient increases in the extracellular levels
of adenosine and glutamate, such as occurs during high-frequency neuronal ﬁring, when A2A receptors could provide a
positive feedback loop to reinforce glutamate-induced plasticity.
Previous evidence for an enhancement of LTP in the CA1 area
after A2A receptor activation has already been reported (de
Mendonca and Ribeiro, 1994), as adenosine deaminase (that
degrades endogenous extracellular adenosine into inosine) failed
to affect LTP, which was facilitated by A1 receptor blockade.
Similarly, Forghani and Krnjevic (1995) found that a mixed
A1/A2 adenosine receptor antagonist (8(p-sulfophenyl)theophylline) did not facilitate LTP, despite the fact that perfusion of a
selective A1 receptor antagonist did enhance it. It was, therefore, proposed that A2 receptor activation by endogenous adenosine was counteracting tonic A1 receptor-mediated inhibition
of LTP. Others reported that A2 receptor antagonists can
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depress CA1 hippocampal LTP of fEPSPs (Sekino et al., 1991;
Fujii et al., 2000), suggestive of a tonic facilitatory action by
endogenous adenosine. Accordingly, in the nucleus accumbens,
A2A receptor blockade and receptor deletion have been shown
to impair LTP (D’Alcantara et al., 2001). A2A receptors are
also essential for high-frequency induced LTP of NMDAEPSCs at the CA3 hippocampal area (Rebola et al., 2008).
Being established that A2A receptor activation facilitates plasticity phenomena, our goal with the experiments now described
was not to exhaustively evaluate this process but, instead, to
know if conditions that lead to an A2A receptor-mediated
increase in the membrane expression of GluR1 subunits and
postsynaptic AMPA receptor function in the CA1 area, also
caused LTP facilitation. Most noticeable, we could observe LTP
potentiation even after a brief exposure to the A2A receptor
agonist prior to LTP induction, and the effect was particularly
evident at late time points of recording, consistent with the
relevance of AMPA receptor membrane insertion for LTP
expression and consolidation (Chowdhury et al., 2006; Yang
et al., 2008b). A relevant contribution of endogenous A2A receptor activation can be concluded from the present ﬁndings
that A2A receptor blockade leads to an attenuation of LTP,
which was also more evident at late time points of recording,
again indicating that the role of A2A receptors is more related
to facilitation of LTP expression and consolidation than to LTP
induction. Changes in LTP might reﬂect in learning. Interestingly, blockade of A2A receptors in mice leads to associative
learning impairment (Fontinha et al., 2008).
Receptor delivery to extrasynaptic sites, followed by lateral
diffusion towards synaptic localizations, is a crucial step for
synaptic reinforcement and plasticity (Triller and Choquet,
2005). Strikingly, the extrasynaptic pool of AMPA receptors in
CA1 pyramidal neurons is almost exclusively composed of
GluR1-containing receptors, which are also a signiﬁcant part of
the synaptic pool, thus playing a major role in synaptic
strength regulation (Andrasfalvy et al., 2003). The ﬁnding that
CGS 21680 caused a more pronounced facilitation of AMPAevoked currents (accounting for synaptic, perisynaptic and
extrasynaptic AMPA currents) than afferent-evoked EPSCs
(mostly synaptic currents) is suggestive of a facilitation of both
perisomatic and extrasynaptic AMPA receptors by A2A receptors, which have been shown to be expressed in these fractions
(Lee et al., 2003b; Rebola et al., 2005b). Furthermore, phosphorylation of GluR1 subunits at Ser 845 signiﬁcantly correlates with selective delivery of GluR1-containing AMPA receptors to extrasynaptic sites (Oh et al., 2006). In light of this,
our data suggests that A2A receptors, through PKA activation
and subsequent GluR1 phosphorylation, may facilitate AMPA
receptor delivery to extrasynaptic sites, therefore priming a step
that reinforces LTP.
Being clear from the present results that A2A receptors promote facilitation of AMPA currents, enhance surface expression
of GluR1 containing AMPA receptors and facilitate LTP, it has
to be pointed out that enhanced surface expression of AMPA
receptors might not be the sole mechanism by which A2A
receptors affect LTP. Indeed, CA1 LTP is a complex phenomHippocampus
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enon that involves pre- and postsynaptic processes, requiring
activation of NMDA receptors followed by increased cytoplasmatic calcium levels and subsequent activation of different
transducing systems, including PKA and CamKII (Esteban
et al., 2003); ultimately leading to changes in AMPA receptor
expression at synaptic sites (Malenka and Nicoll, 1999). So,
any inﬂuence of A2A receptors in these steps might result in
changes in LTP. Direct presynaptic mechanisms are unlikely
since the A2A receptor agonist did not affect mEPSC frequency,
which agrees with previous reports that in very young animals
A2A receptors do not directly inﬂuence glutamate release (Lopes
et al., 2002). Modulation of NMDA receptor function by A2A
receptors in CA3 pyramidal neurons, with consequences for
plasticity induced by mossy ﬁber stimulation, has been reported
(Rebola et al., 2008). This LTP of NMDA-EPSCs also requires
activation of mGluR5 receptors, with which A2A receptors
colocalize and functionally interact, by playing a permissive
role in mGlu5 receptor-mediated potentiation of NMDA
effects in the hippocampus (Tebano et al., 2005). Additionally,
endogenous A2A receptor activation, through a PKA-dependent
process, triggers Brain-derived neurotrophic factor (BDNF)
facilitatory inﬂuences upon CA1 LTP (Fontinha et al. 2008;
Assaife-Lopes et al., 2010), being well established that hippocampal LTP is strongly impaired in both BDNF (Patterson
et al., 1996) and TrkB (Minichiello et al., 1999) knockout
mice. While it is not possible, with the work herein described,
to ascertain the extent to which any of these mechanisms (and
possibly others) contributes to the A2A receptor-induced modulation of LTP, it seems highly unlikely that it should be unrelated to the PKA-dependent enhancement of extrasynaptic
AMPA receptor reserve and GluR1 externalization.
Gao et al. (2006) found that D1 dopamine receptor activation increases the size of the GluR1 extrasynaptic pool in a
PKA-dependent way, which signiﬁcantly promoted LTP in cultured hippocampal neurons. D1 dopamine receptors, like adenosine A2A receptors, are positively coupled to adenylate cyclase.
However, dopaminergic inputs to the hippocampus are scarce
(Lopes da Silva et al., 1990), while adenosine is present and
released by glia and neurons, from pre-, post-, and nonsynaptic
sites. Furthermore, extracellular adenosine can also be formed
from the catabolism of adenine nucleotides, known to be
released together with neurotransmitters and in particular during high-frequency neuronal ﬁring (see Sebastiao and Ribeiro,
2009).
Therefore, the present ﬁndings that A2A receptor activation
enhances AMPA evoked currents, GluR1 membrane expression
and LTP, allow the identiﬁcation of a modulator of AMPA receptor function that is ubiquitous at the extracellular space, in
particular at synapses ﬁring at high frequency, under conditions
particularly prone for synaptic reinforcement. We propose that
adenosine may be one of the endogenous substances responsible
for regulation of GluR1 Ser-845 phosphorylation tonus and
hence, for the reserve of GluR1-containing AMPA receptors at
extrasynaptic pools, priming them for synaptic insertion and
reinforcement of synaptic strength.
Hippocampus
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