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Abstract
Adenosine is a wide-spread endogenous neuromodulator. In the central nervous system it activates
A1 and A2A receptors (A1Rs and A2ARs) which have differential distributions, different affinities
to adenosine, are coupled to different G-proteins, and have opposite effects on synaptic
transmission. Although effects of adenosine are studied in detail in several brain areas, such as
hippocampus and striatum, the heterogeneity of the effects of A1R and A 2A R activation and their
differential distribution preclude generalization over brain areas and cell types. Here we study
adenosine's effects on excitatory synaptic transmission to layer 2/3 pyramidal neurons in slices of
the rat visual cortex. We measured effects of bath application of adenosine receptor ligands on
evoked EPSPs, miniature EPSPs (mEPSPs), and membrane properties. Adenosine reduced the
amplitude of evoked EPSPs and EPSCs, and reduced frequency of mEPSPs in a concentration
dependent and reversible manner. Concurrent with EPSP/C amplitude reduction was an increase in
the paired-pulse ratio. These effects were blocked by application of the selective A1R antagonist
DPCPX, suggesting that activation of presynaptic A1Rs suppresses excitatory transmission by
reducing release probability. Adenosine (20 μM) hyperpolarized the cell membrane from 65.3±1.5
to -67.7±1.8 mV, and reduced input resistance from 396.5±44.4 to 314.0±36.3 MOhm (~20%).
These effects were also abolished by DPCPX, suggesting postsynaptic A1Rs. Application of the
selective A2AR antagonist SCH-58261 on the background of high adenosine concentrations
revealed an additional decrease in EPSP amplitude. Moreover, application of the A2AR agonist
CGS-21680 led to an A1R-dependent increase in mEPSP frequency. Dependence of the A2AR
effects on the A1R availability suggests interaction between these receptors, whereby A2ARs exert
their facilitatory effect on synaptic transmission by inhibiting the A1R mediated suppression.

Our results demonstrate functional pre and postsynaptic A1Rs and presynaptic A2ARs in layer 2/3
of the visual cortex, and suggest interaction between presynaptic A2ARs and A1Rs.
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Adenosine (Ado) is an endogenous neuromodulator which is widespread in the central
nervous system. It is a metabolite of ATP, hence its ubiquitous presence, yet this purine
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nucleoside has an importance that surpasses cellular energy maintenance. It serves in a
multitude of functions in the nervous system, which range from sleep homeostasis and
regulation of cortical slow oscillations (Bjorness and Greene, 2009; Halassa et al., 2009) to
neuroprotective response to potentially traumatizing events such as hypoxia, ischemia and
excitotoxicity (Mendonça et al., 2000; Dunwiddie and Masino, 2001; Cunha, 2005; Gomes
et al., 2011). The effects of adenosine receptor activation have also been exploited in the
treatment of epilepsy (Dale and Frenguelli, 2009; Masino et al., 2011).

Adenosine and ATP are released by neurons and astrocytes in an activity-dependent manner
(Pascual et al., 2005; Wall and Dale, 2008; Halassa et al., 2009; Lovatt et al., 2012). In the
extracellular space, the formation of adenosine from nucleotides is completed with the
breakdown of AMP by Ecto-5’-nucleotidase, which is also the rate limiting step in these
processes (Dunwiddie et al., 1997). Four types of G-protein coupled adenosine receptors
have been identified in the brain (A1, A2A, A2B, and A3), the A1Rs and A2ARs being the
most abundant and well-studied. A1Rs and A2ARs have distinct patterns of expression in
different brain regions, different affinities to adenosine, are coupled to different G-proteins
and have opposing effects on synaptic transmission (Fredholm et al., 2001a,b; Dunwiddie
and Masino, 2001). A1Rs are expressed throughout the brain; high concentrations have been
found in the cerebral cortex, subcortical structures, cerebellum, and the spinal cord (Dixon et
al., 1996, Fredholm et al. 2001a). Activation of A1Rs has a generally suppressive effect on
synaptic transmission and cell excitability. In the hippocampus A1R activation reduces
release probability (Dunwiddie and Haas, 1985; Scanziani et al., 1992) by inhibiting calcium
influx in the presynaptic terminal through N and P/Q type calcium channels (Gundlfinger et
al., 2007; Wu and Saggau, 1994, 1997). Decrease of release probability was also reported at
excitatory and inhibitory connections to layer 5 pyramids (Murakoshi et al., 2001; Kruglikov
and Rudy, 2008) and inhibitory connections in layer 1 of the neocortex (Kirmse et al., 2008).
Further suppression of neuronal excitability by A1Rs is mediated via activation of G-protein
coupled inwardly-rectifying potassium channels which leads to hyperpolarization of the cell
membrane and decrease of input resistance (Trussel and Jackson, 1985, 1987; Thompson et
al., 1992; Takigawa and Alzheimer, 1999, 2002). A2ARs are expressed most densely within
the striatum, but have been also found in other brain structures including cortex (Dixon et
al., 1996; Fredholm et al. 2001a; Dunwiddie and Masino 2001). A2ARs have lower affinity
to adenosine than A1Rs (Fredholm et al., 2001b), and their activation has a facilitatory effect
on synaptic transmission (Marchi et al., 2002; Cunha, 2005). In synaptosomes from cortical
tissue, facilitation of glutamate release by A2ARs has been reported (Marchi et al., 2002), as
well as antagonistic interaction between A2ARs and A1Rs (Lopes et al., 1999). Some in vitro
work has corroborated these actions of A2ARs in the hippocampus (Li and Henry, 1998;
Lopes et al., 2002), but a demonstration of A2ARs effects on neocortical synaptic
transmission is lacking.

The opposite actions of A1Rs and A2ARs allow bidirectional regulation of synaptic
transmission by adenosine, the net effect depending on the local adenosine concentration
and the presence of A1 and/or A2A receptors. The distribution of A1Rs and A2ARs is area
specific in the brain (Dixon et al., 1996; Fredholm et al., 2001a) and layer-specific in the
cortex (Fastbom et al., 1987; Svenningsson et al., 1997; Chaudhuri et al., 1998). Moreover,
both A1Rs and A2ARs can form heteromers with other receptors and influence their ligand
affinity, subsequently affecting various intracellular cascades (Ciruela et al., 2011; Orrú et
al., 2011). Therefore, effects of adenosine on synaptic transmission and membrane
properties of neurons of a specific type cannot be established through generalization.

Here we set to characterize adenosine's effects on excitatory synaptic transmission to layer
2/3 pyramidal neurons of the rat visual cortex, and determine which receptors mediate these
effects. Layer 2/3 pyramids play a central role in cortical operations, serving as one of the
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intracortical stages in feedforward processing of sensory inputs from the thalamus, but also
providing connections between cortical areas which mediate long-range interactions and
multisensory integration in the cortex. We show that suppression of excitatory synaptic
transmission to these neurons is mediated by presynaptic A1Rs. In contrast to results
reported for other cortical layers, we found that A1R activation also leads to a robust
decrease of input resistance and hyperpolarization of layer 2/3 pyramids. Furthermore, in
our preparation ambient adenosine acting on A1Rs exerts an inhibitory tone on basal
transmission. We also show that activation of A2ARs facilitates transmission in an A1R-
dependent manner, providing what is to our knowledge the first demonstration of A2AR
mediated actions on basal transmission in the neocortex.

1. EXPERIMENTAL PROCEDURES
1.1. Slice Preparation

All experimental procedures used in this study are in compliance with the US National
Institutes of Health regulations and were approved by the Institutional Animal Care and Use
Committee of the University of Connecticut. Details of slice preparation and recording were
similar to those used in previous studies (Volgushev et al., 2000; Lee et al., 2012). Wistar
rats (15-32 days old, Charles-River or Harlan) were anaesthetized with isoflurane,
decapitated, and the brain was quickly removed and placed into an ice-cold oxygenated
artificial cerebrospinal fluid solution (ACSF), containing, in mM: 125 NaCl, 25 NaHCO3,
25 glucose, 3 KCl, 1.25 NaH2PO4, 2 CaCl2, 1 MgCl2, bubbled with 95% O2/5% CO2 , pH
7.4. Coronal slices (350 μm thickness) containing the visual cortex were prepared from the
right hemisphere. Slices were allowed to recover for at least one hour at room temperature.
For recording, individual slices were transferred to a recording chamber mounted on an
Olympus BX-50WI microscope equipped with infrared differential interference contrast (IR-
DIC) optics. In the recording chamber slices were submerged in oxygenated ACSF at
28°-32°C.

1.2. Intracellular recording and synaptic stimulation
Layer 2/3 pyramidal cells from visual cortex were selected for recording in the whole cell
configuration. Identification of pyramidal neurons using DIC microscopy was reliable as
demonstrated in our previous work with biocytin labelling and morphological reconstruction
of recorded neurons (Volgushev et al., 2000). Intracellular pipette solution contained, in
mM: 130 K-Gluconate, 20 KCl, 10 HEPES, 10 Na-Phosphocreatine, 4 Mg-ATP, 0.3 Na2-
GTP, (pH 7.4 with KOH). In experiments for Fig 3, Cs-based intracellular solution was used
(in mM): 130 Cs-CH2-S03, 20 KCl, 10 HEPES, 10 Na-Phosphocreatine, 4 Mg-ATP, 0.3
Na2-GTP, 5mM EGTA, (pH 7.4 with KOH). In voltage-clamp experiments the cells were
held at a holding potential of-70 mV or -80 mV throughout the recording.

Two pairs of stimulating electrodes (S1 and S2) were placed in Layer 4, below the Layer 2/3
recording site (Fig. 1). Stimulation current intensities were adjusted to evoke monosynaptic
excitatory postsynaptic potentials (EPSPs) in the recorded neuron. We used a paired-pulse
stimulation protocol with a 50 ms inter-pulse interval. Paired stimuli were applied to S1 and
S2 in alternating sequence once per 7.5 seconds, so that each input was stimulated with
paired pulses each 15 seconds. To test for the possible contribution of inhibition, evoked
PSPs were recorded at depolarized potentials between −50 and −40 mV. Only those PSPs
that were still depolarizing at this membrane potential were considered excitatory and
included in the analysis.

All drugs were bath applied. For experiments measuring miniature EPSPs (mEPSPs),
tetrodotoxin (TTX; 0.1-0.5 μM; Tocris, Bristol UK) was added to the extracellular solution
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at least 25 minutes before recordings were started. TTX was dissolved in water to a 0.5 mM
stock before being added to the bath. In some mEPSP experiments (where mentioned),
picrotoxin (100 μM; Sigma, St. Louis MO, USA) was used to block inhibitory transmission.
Picrotoxin was dissolved in the ACSF directly. APV (Tocris, Bristol UK) was dissolved in
water to a 50 mM stock before being added. Adenosine (Sigma, St. Louis MO, USA) was
dissolved in ACSF to a 1 mM stock before being applied to the bath. 8-Cyclopentyl-1,3-
dipropylxanthine (DPCPX; Sigma, St. Louis MO, USA) was dissolved in a 60% ethanol
solution to a 0.5 mM stock or >99.9% DMSO to a 1 mM stock. Final ethanol concentration
in the bath ranged from 1.8×10−4 to 1.8×10−2% for 1.5-150 nM DPCPX. SCH-58261
(Tocris, Bristol UK) was dissolved in 100% ethanol to a 2.5mM stock or in >99.9% DMSO
to a 1 mM stock. CGS-21680 (Tocris, Bristol UK) was dissolved in >99.9% DMSO to a 1
mM stock. Final bath concentration of ethanol in SCH-58261 experiments was 12×10−4%.
Final concentration of DMSO in bath was <0.05%. Experiments to test for any biological
actions of vehicle revealed no differences between the use of ethanol and DMSO (data not
shown).

1.3. Data analysis
Data analysis was made using custom-written programs in MatLab (© The MathWorks,
Natick MA, USA). All inputs included in the analysis fulfilled the criteria of (1) stability of
EPSP amplitudes during the control period, (2) stability of the membrane potential
throughout the recording, and (3) stability of the onset latency and kinetics of the rising
slope of the EPSP. EPSP amplitudes were measured as the difference between the mean
membrane potential during two time windows. The first time window was placed before the
EPSP onset and the second time window was placed on the rising slope of the EPSP, just
before the peak. Amplitude of the second EPSP in paired-pulse stimulation paradigm was
measured using windows of the same duration, but shifted by the length of the inter-pulse
interval (50 ms).

Miniature EPSPs were detected as following. Two windows (a window 1, ‘baseline’, 2.5 ms
in width and a window 2, ‘amplitude’ 1.5 ms in width) were spaced 2.5 ms and swept the
recorded trace. Within each window the mean membrane potential was measured. When the
difference between the mean membrane potential in the ‘amplitude’ and the ‘baseline’
window (window 2 – window 1) was at least 0.2 mV but no more than 2mV, an event was
detected. After this automatic detection, all detected events were visually checked for their
shape, and erroneously detected traces were excluded from analysis. We measured
frequency of mEPSCs, amplitude of each event and compiled their amplitude distributions.
From the amplitude distributions, we calculated the the skew of the distribution and
determined median.

Significance tests were accomplished utilizing Student's t-tests or one-way ANOVAs with
Post-hoc comparisons (Dunnett's and Tukey's HSD). Error bars represent the standard error
of the mean (± SEM).

2. RESULTS
2.1. Adenosine reduces the amplitude of evoked EPSPs and increases the paired pulse
ratio

To study the effects of adenosine on synaptic transmission to layer 2/3 pyramidal neurons
we recorded EPSPs evoked by paired-pulse electric stimuli in control and during bath
application of adenosine at different concentrations. To determine an effective
concentration, we used bath application of 5 μM to 50 μM adenosine (Fig 2). Already with
the lowest tested concentration of 5 μM, adenosine induced a clear decrease of the EPSP

Bannon et al. Page 4

Neuroscience. Author manuscript; available in PMC 2015 February 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



amplitude to 64.3 ± 4.3% of baseline (p <0.001). Application of increasing concentrations of
adenosine led to a progressive reduction of the EPSP amplitude (Fig 2A, B). 20 μM of
adenosine had a robust effect, reducing the EPSP amplitude to 32 ± 4.6% of baseline (p <
0.001). This concentration was selected for further experiments.

The reduction in EPSP amplitude by adenosine was accompanied by an increase in the
paired-pulse ratio (PPR; Figure 2B). The PPR is an index of release that is inversely related
to the release probability at a synapse (Stevens, 1993; Voronin, 1993). The increase in the
PPR is suggestive of a decrease in release probability.

To confirm the presynaptic locus of adenosine's effects, we made voltage clamp recordings
with Cs-based pipette solution to block potassium channels and remove the possible
contribution of postsynaptic potassium currents from adenosine's effect (Fig 3). Evoked
excitatory postsynaptic currents (EPSCs) were recorded in the presence of 20 μM APV to
block NMDA receptors (Fig 3). In 10 inputs, 20 μM adenosine reduced the amplitude of
EPSCs to 39.1 ± 3.1% of baseline (a change from an average of -76.6 ± 10.9 pA to 30.1 ±
10.3 pA; n = 10, p < 0.001), and increased the PPR from 1.31 ± 0.14 to 1.53 ± 0.16 (Fig 3B;
p < 0.05). These data with postsynaptic potassium channels blocked and AMPA EPSCs
pharmacologically isolated confirm adenosine acts presynaptically to suppress excitatory
transmission.

2.2. A1R blockade prevents adenosine's effects on evoked EPSPs
Which receptors mediate adenosine's effects on synaptic transmission? In situ hybridization,
reverse transcription-polymerase chain reaction, binding studies, and other biochemical
methods have demonstrated high level of expression of A1Rs in the neocortex (Dixon et al.,
1996; Fredholm et al., 2001a). These receptors are classically responsible for the inhibitory
actions of adenosine. Therefore we first studied how A1R blockade affects the inhibitory
actions of adenosine on synaptic transmission. We applied 20 μM adenosine on the
background of varying concentrations of the selective A1R antagonist DPCPX. DPCPX
blocked the adenosine-induced reduction in EPSP amplitude in a concentration dependent
manner (Fig 4). The effect of DPCPX was clear even at the lowest concentration tested (1.5
nM), and in the presence of 30 nM DPCPX, application of 20 μM adenosine failed to induce
significant reduction of EPSP amplitude. Figure 4B displays summary data on the EPSP
amplitude and PPR changes during application of 20 μM adenosine as a percent of baseline.
In control conditions (no DPCPX), 20 μM adenosine reduced the EPSP amplitude to 39.4 ±
4.6% of baseline (Fig 4B, C; p<0.01, n= 13; significant reduction from baseline denoted in
C). On the background of 1.5 nM DPCPX adenosine reduced the EPSP amplitude to 65.4 ±
6.7% of baseline. This reduction was significantly smaller than in the control group (Fig 4B,
p < 0.05). On the background of 30nM DPCPX, adenosine reduced the EPSP amplitude only
slightly, to 93.4 ± 6.6% of baseline, which was significantly less than the reduction without
DPCPX (Fig 4B; p < 0.001). In fact, 30 nM DPCPX was sufficient to completely block the
effect of adenosine on EPSP amplitude. Application of 20 μM adenosine in the presence of
30 nM DPCPX did not lead to a significant reduction in EPSP amplitude (Fig 4C, top).

The attenuation of the adenosine-induced reduction in EPSP amplitude in the presence of
DPCPX was accompanied by an attenuation of the adenosine-induced increase in PPR.
Figure 4B (bottom) shows a summary of the PPR changes induced by application of 20 μM
adenosine on the background of different concentrations of DPCPX. In control conditions
(no DPCPX), application of 20 μM adenosine increased the PPR to 144 ± 12.9% of baseline
(Fig 4B, C; p < 0.01, significant increase denoted in C). In the presence of 1.5 nM DPCPX,
the increase was smaller (122 ± 6.6%), and became significantly different from the no-
DPCPX group at 7.5 nM (108 ± 6.1% of baseline; p < 0.05). With 30 nM DPCPX,
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adenosine did not elicit any significant increase in the PPR, just as it did not depress the
EPSP amplitude (Fig 4B,C).

In experiments with adenosine applied alone or in the presence of DPCPX, the changes in
EPSP amplitude were inversely proportional to the PPR changes (Fig 5). A strong negative
correlation between EPSP amplitude changes and PPR changes was found in DPCPX
experiments (r = −0.693, n = 52, p < 0.001), as well as in experiments in which adenosine
was applied alone at different concentrations (r = −0.620, n = 39, p < 0.001 for concentration
dependence experiments and r = −0.546, n = 13, p < 0.05 for the control group for DPCPX
experiments). The correlation remained strong when all groups were pooled together (r =
−0.644, n = 104, p < 0.001) indicating that the relationship between EPSP/PPR change is
maintained when manipulating the activation or blockade of A1Rs by various ligands. These
results suggest that presynaptic A1Rs are mediating adenosine's effects on EPSP amplitude
by modifying release probability.

2.3. Adenosine reduces the frequency of miniature EPSPs
The involvement of presynaptic mechanisms in adenosine's effects on synaptic transmission
is corroborated by results of recordings of miniature EPSPs in the presence of 0.5 μM TTX
in the bath. Figure 6A illustrates membrane potential traces and detected mEPSPs.
Application of adenosine (20 μM) led to a decrease of the frequency of mEPSPs (Fig 6A,
C). On average, mEPSP frequency decreased from 9.0 ±0.9 events/sec in control to 6.5 ±0.7
events/sec (when normalized, 80.4 ±4.5% of baseline frequency) during adenosine
application (Fig 6C; n = 20, p < 0.01). After washout of adenosine, mEPSP frequency
recovered to 9.5 ± 1.2 events/sec (104.3 ± 9.8% of baseline frequency).

Adenosine application led to reduction of the frequency of mEPSPs of all amplitudes; the
amplitude distributions were scaled down, but their skew did not change (2.9 ±0.3 vs 3.1
±0.4; n.s.). There was however a very small yet significant reduction in the median
amplitude of events, from 0.29 ±0.02 mV to 0.28 ±0.02 mV, (95.0 ±1.2% of baseline; Fig
6D n = 20, p < 0.01). This reduction of the median mEPSP amplitude may be attributable to
a ~20% decrease of the input resistance of neurons during adenosine application (see 2.4
below).

Adenosine-induced decrease of the frequency of mEPSPs was also found to be mediated by
A1 receptors. On the background of 30 nM DPCPX, application of 20 μM adenosine failed
to induce any changes of the frequency of mEPSPs (9.8 ±1.5 vs. 9.6 ±1.6 events/sec, n= 15,
data not shown).

To uncover any tonic activation of A1Rs, DPCPX was applied to the slice without the
application of adenosine. The application of 30 nM DPCPX on the background of 0.1μM
TTX and 100 μM picrotoxin led to a significant increase of excitatory mEPSP frequency
from 6.8 ± 1.0 events/sec to 7.1 ± 1.0 events/sec (n = 11, p < 0.05). An increase in mEPSP
frequency suggests that the blockade of A1Rs by DPCPX relieves a tonic inhibition of
release by adenosine. The present results confirm physiologically relevant tonic levels of
adenosine in the neocortex in vitro.

Taken together, the results of experiments with DPCPX demonstrate that the inhibitory
effects of adenosine on synaptic transmission to pyramidal neurons in layer 2/3 are mediated
via activation of presynaptic A1 receptors which have a suppressive effect on release
probability.
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2.4. Adenosine reversibly hyperpolarizes the membrane and decreases the input
resistance of layer 2/3 pyramidal neurons

In addition to the presynaptically mediated effects on synaptic transmission, adenosine
application led to a decrease of the input resistance and hyperpolarization of the cell
membrane in layer 2/3 pyramidal neurons. Input resistance was calculated from membrane
potential responses to small steps of positive and negative current applied through the
recording electrode (Fig 7A). During application of 20 μM adenosine the input resistance of
the neurons decreased by 19.5% ± 4.0% from 396.5 ± 44.4 MOhm to 314.0 ± 36.3 MOhm
(Fig 7B, right; n = 14 p < 0.001). The decrease of the input resistance could have been the
reason for the minor decrease of the median amplitude of mEPSPs during adenosine
application. The resting membrane potential was hyperpolarized by 2.3 ± 0.8 mV during
adenosine application from - 65.3 ± 1.5 mV to -67.7 ± 1.8 mV (Fig 7B, left; n = 14 p <
0.01). In experiments with A1 receptor blocker the input resistance and resting membrane
potential changed in the opposite direction: application of 30 nM DPCPX in the absence of
exogenous adenosine increased the input resistance by 10.5 ± 5.4% (n = 15, p < 0.05) and
depolarized the resting potential by 2.8 ± 1.2 mV (n = 15, p < 0.05, data not shown).

2.5. Effects of high concentration of adenosine on synaptic transmission
In order to discover a maximal effect of adenosine, we conducted a series of experiments
which included high concentrations of adenosine (100 and 150 μM). On 18 inputs from 14
cells, we bath applied 20, 100 and 150 μM adenosine and recorded evoked activity and
membrane properties (Fig 8). Increasing adenosine concentration from 20 μM to 100 μM led
to a significant decrease of EPSP amplitude from 58.0 ± 5.3% to 33.9 ± 6.1 % of the control
(Fig 8A, p<0.001). In 2 out of 18 cases, responses were completely abolished during
application of 100 μM adenosine, but recovered upon wash out. Further increase of
adenosine concentration to 150 μM did not result in a further significant decrease of
response (28.3 ± 5.4% of the baseline), and did not increase the proportion of inputs in
which responses were completely abolished.

The input resistance of the membrane followed similar concentration dependence as the
EPSP (Fig 8C): significantly decreasing from control to 20 μM adenosine, and again from
20 μM to 100 μM adenosine. There was no significant change between 100-150 μM
adenosine however, suggesting a saturating or nearly saturating effect of adenosine on input
resistance. The hyperpolarization of the cell caused by the application of adenosine appears
to be the most easily saturated measure of adenosine's actions. After an initial
hyperpolarization upon application of 20 μM adenosine, membrane potential did not
hyperpolarize any further upon increasing adenosine concentration to 100 and then 150 μM
(Fig 8B). Because evoked activity was not blocked in these experiments, the membrane
potential expressed stronger fluctuations (as indicated by larger standard error of these
measurements) as compared to experiments conducted under TTX (see Fig 7). The
possibility of a small effect size being masked by large variability cannot be excluded.

2.6. Functional A2A receptors are present in layer 2/3 of neocortex
Results presented thus far show that A1R activation plays a major role in mediating
suppressive effects of adenosine on excitatory synaptic transmission in our preparation.
Evidence obtained using immunochemical methods and binding of A2AR ligands in
synaptosomes suggests the presence of A2ARs in the cerebral cortex albeit at much lower
levels than for example, in the striatum (Lopes et al., 1999; Marchi et al., 2002; Lopes et al.,
2004). The activation of A2ARs is associated with a facilitation of excitatory transmission
(namely an increase in glutamate release), which is in opposition to A1R effects. Because
A1Rs have higher affinity to adenosine, and their expression in the cortex is much higher
than of other subtypes (Fredholm et al., 2001b; Ciruela et al., 2006; Ciruela et al., 2011),

Bannon et al. Page 7

Neuroscience. Author manuscript; available in PMC 2015 February 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



effects of adenosine at low concentrations might be dominated by A1R activation. High
concentrations (100-150 μM) of adenosine may activate both A1 and A2A receptors in our
preparation. We questioned if at such high concentrations adenosine has saturated the A1Rs
and also activates facilitatory A2ARs. In this scenario the maximal reduction in EPSP
amplitude elicited by A1R activation would be curbed by A2AR activation. The effect of
adenosine on EPSP amplitude described in figure 8 would then be a combination of an
inhibitory effect of A1R activation with a smaller facilitatory component produced by A2AR
activation. If this is the case, then under high concentrations of adenosine the blockade of
A2ARs should further reduce the amplitude of the EPSP. To test this hypothesis, we
conducted a series of experiments in which application of 150 μM adenosine was followed
by application of the selective A2AR antagonist SCH-58261 (30 nM). As described above,
application of 150 μM adenosine reduced the EPSP amplitude (Fig 9A; average of 37.3 ±
8.5% of baseline; N = 24, p <0.001). Addition of SCH-58261 elicited a small yet significant
further reduction in the EPSP amplitude (to an average of 30.5 ± 7.7% of baseline; p
<0.001). In the 21 inputs that were not abolished by 150 μM adenosine, 19 showed a
decrease in EPSP amplitude upon application of SCH-58261, and in 6 of these inputs, the
decrease in EPSP amplitude was found to be significant (Fig 9B). This suggests functional
A2ARs are present in the neocortex, where they act in opposition to A1Rs to modulate
excitatory transmission. Subsequent addition of A1R antagonist DPCPX, and thus blockade
of both A1 and A2A receptors was expected to relieve EPSPs from suppression. The EPSP
amplitude increased after addition of 50 nM DPCPX. However, the recovery was not
complete, (only to 59.4 ± 9.8% of baseline). We attribute the incomplete recovery to the
inability of the competitive A1R antagonist DPCPX to completely block the activation of
A1Rs by the saturating concentration (150 μM) of adenosine.

In the next series of experiments 100 μM adenosine and then 30 nM SCH-58261 were
applied sequentially but this time on the background of A1R blockade with 50 nM DPCPX.
On the background of 50 nM DPCPX, 100 μM adenosine moderately reduced the EPSP
amplitude to 66.3 ± 5.2% of control, but SCH-58261 was unable to reduce the amplitude of
the EPSP further (63.7 ± 7.9% of control; n = 16, p = 0.63; data not shown). These results
suggest that A2ARs may facilitate transmission in a manner that requires A1R activation.

To further investigate the involvement of A2ARs in regulation of excitatory synaptic
transmission in the neocortex, mEPSPs were recorded on the background of 0.1 μM TTX
and 100 μM picrotoxin (Fig 10). The addition of the A2A agonist CGS-21680 (30 nM)
significantly increased the frequency of mEPSPs to 109.8 ± 3.2% of control (from 5.8 ± 1.0
to 6.3 ± 1.0 events/s; Fig 10A black circle, n = 11, p < 0.05). In a separate group of cells,
application of 30nM DPCPX similarly increased the mEPSP frequency to 107.0 ± 2.3% of
control (from 6.2 ± 0.8 to 6.5 ± 0.8 events/s; black diamond, n = 15, p < 0.01). Interestingly,
application of CGS-21680 on the background of DPCPX in these cells yielded no further
change in the frequency of events (black triangle, 106.6 ± 2.8% of control, n = 14; p=0.692
comparison to DPCPX, p=0.061 comparison to control). A between subjects comparison
reveals that the change in mEPSP frequency when CGS-21680 is added on the background
of DPCPX is significantly different from the change induced by CGS-21680 in the absence
of DPCPX (p < 0.05). The blockade of A1Rs by DPCPX removed the A1R mediated
adenosine tone and abolished the ability of CGS-21680 to increase the frequency of
mEPSPs. Thus A1R activation is necessary for the A2AR to exert its facilitatory effects on
mEPSP frequency. These data suggest that A2ARs facilitate excitatory transmission through
an A1R dependent mechanism.

Bath application of 30 nM CGS-21680 also revealed a small yet significant decrease of the
median amplitude of mEPSPs from an average of 0.30 ± 0.02 mV to 0.28 ± 0.02 mV (Fig
10B, black line, n = 11, p < 0.05). On the background of 30 nM DPCPX (grey line), the
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median mEPSP amplitude significantly changed from an average of 0.273 ± 0.005 mV to
0.266 ± 0.004 mV after addition of 30nM CGS-2168 (n = 14, p < 0.05). The skew of the
amplitude distributions was unchanged by CGS-21680 application in either group (data not
shown). Whereas CGS-21680's enhancement of mEPSP frequency is facilitatory, the
reduction in mEPSP amplitude serves to inhibit excitatory transmission. In both groups, no
significant changes in input resistance or membrane potential were observed after
CGS-21680 application (data not shown).

3. DISCUSSION
Results of the present study demonstrate that in rat visual cortex, adenosine suppresses
synaptic transmission to layer 2/3 pyramidal neurons, decreases their input resistance and
leads to membrane hyperpolarization. These pre- and postsynaptic effects of adenosine are
mediated predominantly by A1 receptors. We provide, to our knowledge, the first evidence
for functional A2A receptors in the neocortex which are activated at high adenosine
concentrations and may oppose the presynaptic actions of A1Rs. Moreover, our results
suggest interaction between A1 and A2A receptors, whereby A2ARs exert their facilitatory
effect on synaptic transmission inhibiting the A1R mediated suppression.

3.1. Presynaptic action of adenosine: activation of A1 receptors leads to a reduction in
release probability

The most pronounced effect of adenosine application in layer 2/3 of the rat visual cortex was
the suppression of synaptic transmission. Adenosine reduced the evoked EPSP amplitude in
a concentration dependent and reversible manner. Concurrent with the reduction in the EPSP
amplitude was an increase in the paired-pulse ratio. Because the paired-pulse ratio is
inversely related to release probability (Voronin, 1993; Murthy et al., 1997; Dobrunz and
Stevens, 1997; Oleskevich et al., 2000), these results suggest that an inhibition of
transmission was due to a reduction in release probability. This conclusion is further
supported by the finding that 20 μM adenosine reduces the frequency of mEPSPs, which
reflects presynaptic properties. These effects of adenosine were mediated by the A1R, as
they were abolished by application of the selective A1R antagonist DPCPX (30 nM). These
results for layer 2/3 pyramidal neurons are consistent with prior data showing that adenosine
and A1R agonists can increase the paired- pulse ratio in the hippocampus and in layer 1 and
5 of the visual cortex (Dunwiddie and Haas, 1985; Murakoshi et al., 2001; Kirmse et al.,
2008). It has been also reported that adenosine application reduced the frequency of
mEPSPs in the hippocampus (Scanziani et al., 1992) and layers 1 and 5 of the neocortex
(Murakoshi et al., 2001; Kirmse et al., 2008). In layer 2/3 of the somatosensory cortex,
removal of tonic A1R activation resulted in an increase in mEPSC frequency (Deng et al.,
2011). In hippocampus, presynaptic A1 receptors mediate inhibitory effects on synaptic
transmission by reducing the influx of calcium through voltage-dependent calcium channels
(Wu and Saggau, 1994, 1997; Gundlfinger, 2007), and by modulation of release machinery
downstream from Ca2+ influx (Scanziani et al., 1992; Wu and Saggau, 1997). In both cases,
the result of this presynaptic inhibition would be a reduction of release probability.

Our results on the presynaptic effects of adenosine at layer 2/3 synapses most closely
correspond to the findings reported for layer 5 pyramidal neurons from rat visual cortex
(Murakoshi et al., 2001). These authors found that adenosine application leads to a reduction
in evoked EPSC amplitude, an increase in the paired-pulse ratio, and a decrease in miniature
EPSC frequency. However, they report only presynaptic changes, and did not observe any
changes in membrane conductance or the mean mEPSC amplitude. The decrease of input
resistance and hyperpolarization of layer 2/3 pyramids in our experiments might restrain
propagation of synaptic activity through this layer. This may be one of the reasons for the
strongest inhibition of activity in layers 2/3 by adenosine observed with voltage-sensitive
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dye imaging (Kovac et al., 2008). These results stress the layer-specificity of adenosine's
effects in the neocortex.

In the hippocampus, a tonic inhibition of synaptic transmission by endogenous adenosine
acting on the A1R is documented both in vivo and in vitro (Dunwiddie and Diao, 1994; Wu
and Saggau, 1994; Lopes et al., 2002; Manita et al., 2004). Results obtained using transgenic
mice with impaired astrocytic vesicle release indicate that adenosine ‘tone’ is present also in
the neocortex, and is provided by adenosine derived from astrocytic-released ATP (Halassa
et al. 2009). An increase in the frequency of mEPSPs upon application of DPCPX in the
absence of exogenously applied adenosine, observed in our experiments, lends support to
this notion. Presence of the tonic inhibition of synaptic transmission by endogenous
adenosine in the neocortex substantiates the role of adenosine as a neuromodulator capable
of bi-directional modulation of synaptic transmission.

3.2. Postsynaptic actions of adenosine on layer 2/3 pyramidal neurons
Adenosine hyperpolarized layer 2/3 pyramidal neurons and decreased their input resistance,
suggesting functional postsynaptic receptors. None of these effects were observed during
application of adenosine on the background of A1R blockade by DPCPX, suggesting that
they were mediated by A1 receptors. Both the decrease in input resistance and
hyperpolarization of the membrane potential can be explained by the increase of K+

conductance. Indeed, evidence from hippocampal and striatal neurons shows that A1Rs
enhance potassium currents through the activation of G-Protein coupled inwardly rectifying
potassium channels (Trussel and Jackson, 1985, 1987; Greene and Haas, 1991; Thompson et
al., 1992). Studies of neocortical neurons report unequivocal results. A1R mediated
enhancement of potassium currents was found in dissociated neurons from the neocortex
(Takigawa and Alzheimer 1999), but no postsynaptic effects of adenosine were reported in
layer 5 neurons from slices of rat visual or associative frontal cortex (Murakoshi et al., 2001;
Brand et al., 2001). Our demonstration of postsynaptic actions of adenosine in layer 2/3 may
underlie the layer- specific increase of inhibition of activity propagation in neocortical slices
(Kovac et al., 2008).

Changes of potassium currents and associated changes of the membrane properties may
underlie a small decrease in median mEPSP amplitude observed in our experiments. It is
important to note however that the main effect of A1R activation on synaptic transmission to
layer 2/3 pyramids involves presynaptic mechanisms. In experiments with Cs-based pipette
solution that blocked the contribution of potassium channel modulation to adenosine effects,
we still observed a clear decrease of the amplitude and an increase of the paired-pulse ratio
of evoked EPSCs during adenosine application.

3.3. A role for A2A receptors in neocortex? Insight from other brain areas
Our results provide evidence for functional A2A receptors in the neocortex. Increasing
adenosine concentration from 100 to 150 μM failed to induce further significant reduction of
EPSP amplitude. However, application of a selective A2AR antagonist SCH-58261 on the
background of 150 μM adenosine did lead to a further reduction of EPSP amplitude. We
interpret these results as suggesting that high concentrations of adenosine activate A2ARs
which facilitate synaptic transmission, and that SCH-58261 application inhibits this
facilitation thus leading to a decrease of the EPSP amplitude. Notably, this effect was found
to be significant in only a proportion (25%, 6 out of 24) of inputs. These results agree with
prior work in the hippocampus, that suggested that A2ARs are present at much fewer
synapses than the A1Rs (Rebola et al. 2005a,b). It remains to be elucidated what governs the
expression of A2ARs only at some specific types of inputs; perhaps they are strategically
located and activated only under specific circumstances.
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Known interactions between A1Rs and A2ARs suggest a role for the A2AR as a modulator of
the A1R. At glutamatergic striatal synapses, presynaptic A1Rs and A2ARs can form
heteromers in the membrane in which A2AR activation decreases the affinity of the A1R for
its agonists through direct receptor-receptor interactions (Ciruela et al., 2006; Ferré et al.
2007a,b; Ciruela et al., 2011). Additionally, interaction between A1Rs and A2ARs has been
demonstrated in synaptosomes extracted from cortical and hippocampal regions from young
adult rats. In this preparation, activation of A2ARs led to a protein kinase C dependent
decrease of the binding affinity for ligands of A1Rs (Lopes et al., 1999). In the
hippocampus, Lopes et al. (2002) found that a facilitation of transmission by A2AR agonist
CGS-21680 was dependent upon an inhibitory A1R tone, and was likely presynaptic. Our
results suggest a similar interaction between A2A and A1 receptors at neocortical synapses.
Application of CGS-21680 led to an increase of mEPSP frequency and thus facilitation of
excitatory transmission. However, no facilitation was observed when CGS-21680 was
applied on the background of DPCPX that blocked A1R mediated inhibitory tone. These
results suggest that A2ARs exert their effect on presynaptic release mechanisms via
modulation of A1Rs rather than by affecting the release directly.

Interestingly, recent work in the hippocampus (Dias et al. 2012) suggests that application of
CGS-21680 leads also to a slow-developing facilitation of AMPA-evoked currents (Dias et
al. 2012). This postsynaptic action of A2ARs was protein-kinase A-dependent but was not
disturbed by A1R blockade. In contrast to prior work in hippocampus (Lopes et al., 2002)
and our results from neocortical neurons, Dias et al. (2012) did not observe evidence of
presynaptic changes (as measured by mEPSC frequency) but report an increase in mEPSC
amplitude after CGS-21680 application. In our experiments with CGS-21680, the agonist
was permitted to wash into the bath for 30 to 40 minutes, but no long timescale changes
were observed. These contrasting results may reflect differential sub-cellular distribution of
A2A receptors in the neocortex and hippocampus.

What role, then, could the bidirectional modulation of excitatory transmission by adenosine
serve? Under normal physiological conditions both neurons and astrocytes release adenosine
and ATP into the extracellular space in an activity-dependent manner (Pascual et al., 2005;
Wall and Dale, 2008; Halassa et al., 2009; Lovatt et al., 2012). At moderate activity levels
this extracellular adenosine activates a portion of high-affinity A1Rs, setting a global
inhibitory tone, on the background of which synaptic activity can be regulated both upwards
and downwards. High frequency activation of synapses can cause ATP or adenosine to be
co-released with transmitter, resulting in a transient and local increase in adenosine
concentration restricted to the active synapses. This high local concentration of adenosine
may activate A2ARs located at these synapses (Cunha, 2008; Costenla et al., 2010). These
A2ARs may locally suppress the function of A1Rs by decreasing their affinity to adenosine,
or by downregulating the receptor. The result is a facilitation (or at least reduced
suppression) of transmission at the active synapses, and a more diffuse, A1R mediated
inhibition of transmission at surrounding synapses. This antagonistic interaction between
A2A and A1 receptors has been proposed to increase signal salience and mediate
heterosynaptic depression (Pascual et al., 2005; Cunha, 2008). This example provides some
indication of a possible functional relevance of two adenosine receptors with opposing
effects, and of sparse A2A receptors. Further studies are necessary to elucidate exactly how,
and under what circumstances, these two receptors interact in the neocortex, and the
implications of such an interaction for cortical processing and plasticity.

3.4. Conclusions and outlook
We studied modulation of synaptic transmission by adenosine in layer 2/3 pyramidal
neurons, which mediate long-range interaction between cortical areas and multisensory
integration. We show that adenosine, via activation of A1 receptors, acts presynaptically by
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suppressing release at excitatory synapses, and postsynaptically by decreasing input
resistance and hyperpolarizing the membrane of layer 2/3 pyramids. Moreover, facilitatory
A2ARs that oppose the A1R-mediated suppression are present at a subset of presynaptic
terminals. This presents the first, to our knowledge, physiological evidence for functional
A2ARs in the neocortex. Each of these results is in general agreement with reported actions
of adenosine in other brain structures. The specific picture of adenosine effects in layer 2/3
pyramids suggests the following possible scenario of the regulation of their activity by
adenosine.

Because the release of adenosine and/or ATP from neurons and glia is activity dependent,
adenosine has a stabilizing effect on neuronal activity, mediated by high-affinity A1
receptors. Increasing activity raises extracellular adenosine concentration which suppresses
neurotransmitter release and neuronal excitability, while decreasing activity has the opposite
effects. Notably, adenosine can play a role both in local regulation of activity on the time
scale of seconds and minutes, but also in global, slow processes, such as regulation of slow
sleep oscillations and sleep homeostasis. Indeed, adenosine levels rise during prolonged
wakefulness, and adenosine antagonists such as caffeine promote wakefulness.

Synapses at which A2A receptors are expressed may be subject to an additional level of
regulation. With strong activity adenosine levels would increase high enough to activate
lower- affinity A2ARs which oppose the suppressive A1R action. Synaptic transmission at
the very focus of activity will be suppressed less than in the broader surrounding area of
activated A1Rs. Possible functions of the resulting activity profile may include increasing
signal salience and regulation of synaptic plasticity. Future experiments will reveal which
factors govern sparse A2AR expression at a subpopulation of neocortical synapses, and
which functions these receptors may play in the operation of neocortical networks.
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ABBREVIATIONS

A1R Adenosine Receptor type 1

A2AR Adenosine Receptor type 2A

Ado Adenosine

APV D-(-)-2-Amino-5-phosphonopentanoic acid

ATP, AMP Adenosine triphosphate, Adenosine monophosphate

CGS-21680 4-[2-[[6-Amino-9-(N-ethyl-β-D-ribofuranuronamidosyl)-9H-purin-2-
yl]amino]ethyl]benzenepropanoic acid hydrochloride (A2AR agonist)

DPCPX 8-Cyclopentyl-1,3-dipropylxanthine (A1R antagonist)

EPSC Excitatory Postsynaptic Current

EPSP Excitatory Postsynaptic Potential

mEPSP miniature Excitatory Postsynaptic Potential

SCH-58261 2-(2-Furanyl)-7-(2-phenylethyl)-7H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-
c]pyrimidin- 5-a-mine (A2AR antagonist)

TTX Tetrodotoxin
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Highlights

• Distribution of adenosine receptors and their actions are brain-region specific

• We study actions of adenosine on layer 2/3 pyramids in rat visual cortex in
slices

• A1R activation decreases input resistance and hyperpolarizes layer 2/3 pyramids

• Presynaptically, A1R activation decreases release probability

• Neocortical A2ARs facilitate transmission in an A1R dependent manner
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Fig 1. Scheme of the location of stimulation and recording electrodes in neocortical slices
Recordings were made from layer 2/3 pyramidal neurons while the two stimulation
electrodes (S1 and S2) were placed in layer 4 below the recording site.
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Fig 2. Adenosine reduces evoked EPSP amplitude and increases paired-pulse ratio (PPR) in a
reversible and concentration dependent manner
A. (Above) Traces of averaged EPSPs evoked in a layer 2/3 neuron from visual cortex by
paired stimuli (50 ms interpulse interval) in control and through increasing concentrations of
adenosine. (Below) The time course of amplitude changes of the responses to the first pulse
in a pair (EPSP1, % of control). Data for same cell.
B. Changes of the amplitude of EPSP1, EPSP2 and paired-pulse ratio (PPR) induced by
increasing concentration of adenosine. EPSP amplitudes were normalized by the amplitude
of the EPSP1 in control for each cell, and then averaged for N=5 neurons (10 inputs).
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Adenosine reduces EPSP amplitude and increases PPR in a concentration dependent and
reversible manner.
Significance denoted as * p<0.05; **p<0.01; *** p<0.001. Significance for EPSP2 mirrored
EPSP1 for all concentrations of adenosine tested, yet “***” is omitted for clarity.
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Fig 3. Adenosine reduces the amplitude of EPSCs and increases the paired-pulse ratio
A. Example traces of evoked EPSCs recorded with Cs-based pipette solution in control
(black) and with 20 μM adenosine in the bath (red; average of 20 traces for each condition).
B. Average reduction in EPSC amplitude as percent of baseline (black bars, n = 10,
p<0.001), and average increase in PPR (grey bars, p<0.05) after application of 20 μM
adenosine.
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Fig 4. A1 receptor antagonist DPCPX blocks adenosine's effects on synaptic transmission
A. Example traces of evoked EPSPs before (black) and after application of 20 μM adenosine
(red) on the background of DPCPX. Data for different concentrations of DPCPX are from
different cells.
B. Concentration dependence of the blockade of adenosine's effects on synaptic transmission
by DPCPX. Changes of EPSP1 amplitude (top) and PPR (bottom) induced by bath
application of 20 μM adenosine in control (no DPCPX) and on the background of different
concentrations of DPCPX. Number of synaptic inputs studied with each DPCPX
concentration is indicated in parentheses in the top plot. Solid curves show sigmoid fit to the
data points. Significance was calculated for the difference between percent reduction of
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EPSP amplitude by 20 μM adenosine in control group vs. the reduction in the presence of
DPCPX.
C. Effects of 20 μM adenosine on synaptic transmission are completely blocked by 30 nM
DPCPX. Data from B, but shown with washout of adenosine. Changes of EPSP1 amplitude
(top) and PPR (bottom) during application and washout of 20 μM adenosine, in control
(black bars) and in the presence of 30 nM DPCPX (grey bars). Note that Y-axes in B, C do
not start from zero.
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Fig 5. Adenosine induced changes in EPSP amplitude are inversely related to changes in PPR
Changes in PPR plotted against changes in the EPSP1 amplitude. The changes in PPR and
EPSP1 amplitude were correlated in all three groups of experiments: Experiments with the
application of adenosine at different concentrations (5-50 μM, open circles, r = -0.62, n =
39, p < 0.001); experiments utilizing application of 20 μM adenosine on the background of
different concentrations of DPCPX (1.5 - 150 nM, closed circles; r = -0.69, n = 52, p <
0.001); and the control group for these experiments, which utilized 20 μM adenosine but no
DPCPX (grey circles, r = −0.55, n = 13, p < 0.05). The changes in EPSP amplitude and PPR
are inversely related during all manipulations of A1R activation.
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Fig 6. Adenosine reduces miniature EPSP (mEPSP) frequency and decreases the median
amplitude of events
A. Example traces of spontaneous activity from one cell in control and in the presence of 20
μM adenosine. The slopes of detected mEPSPs are highlighted in pink and marked with
arrows.
B. Examples of individual (top) and averaged (bottom; N=509 events for CTRL; N=355
events for Ado) miniature EPSPs and their amplitude distributions from 2.5 min recordings
in control and during application of 20 μM adenosine.
C, D. Changes of the frequency of mEPSPs (C) and their median amplitude (D) during
application of 20 μM adenosine and washout. Both the reduction in frequency of events and
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median amplitude of events recovered after washout of adenosine. Averaged data for N=18
cells.

Bannon et al. Page 26

Neuroscience. Author manuscript; available in PMC 2015 February 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig 7. Adenosine decreases input resistance and causes hyperpolarization in pyramidal neurons
from layer 2/3
A. Membrane potential response of a pyramidal neuron from layer 2/3 to current steps in
control, during application of 20 μM adenosine, and after washout. Decreased slope of the
voltage-current relationship during adenosine application (red) indicates a decrease of the
input resistance.
B. Changes of the membrane potential (left) and input resistance (right) during adenosine
application and washout. Individual data for N=14 neurons (grey) and their average (black).
20 μM adenosine hyperpolarizes cells and decreases their input resistance. Washout of
adenosine demonstrates the reversibility of these effects.
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Fig 8. High concentrations of adenosine reveal a saturating effect on reduction of EPSP
amplitude, hyperpolarization of membrane, and decrease in input resistance
A. Average reduction in evoked EPSP amplitude as percent of baseline during a bath
application of 20, 100, and 150 μM adenosine reveal an upper limit on suppression of the
EPSP. 11% (2 of 18) inputs were totally silenced by 100 μM adenosine, yet returned upon
washout.
B, C. Average changes in membrane potential (B) and input resistance (C) before, during,
and after adenosine application. Concentrations of adenosine needed to achieve a maximal
effect on hyperpolarization were lower in comparison to concentrations needed to reach
maximal effects on reduction of EPSP amplitude and input resistance.
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Fig 9. On the background of a saturating concentration of adenosine, blockade of facilitatory
A2A receptors by SCH-58261 leads to further reduction of EPSP amplitude
A. Average reduction in evoked EPSP amplitude as percent of baseline (n = 24 inputs from
20 cells; black bars). PPR shown in grey. After application of 150 μM adenosine, 30nM
SCH-58261 reduced the EPSP amplitude further, suggesting that under a high concentration
of adenosine, the suppressive effect of inhibitory A1Rs is curbed by the activation of
facilitatory A2A receptors.
B. Changes in normalized EPSP amplitude after the application of 30 nM SCH-58261 for
individual inputs. For each input, normalized EPSP amplitudes during 150 μM adenosine
and after subsequent addition of 30 nM SCH-58261 are connected with a line. Inputs which
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demonstrated a significant change (within subjects comparison of 20 individual EPSPs from
each condition; p < 0.05, paired t-test) in EPSP amplitude after SCH-58261 application are
highlighted in red.
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Fig 10. A2AR Agonist CGS-21680 Increases mEPSP frequency and decreased median mEPSP
amplitude
A. Changes in the frequency of mEPSPs after application of selective adenosine receptor
ligands (shown as % of control). Individual neurons are shown in grey, with averages
denoted by black symbols. In N = 11 neurons, the A2AR agonist CGS-21680 (30 nM)
increased the frequency of mEPSPs (black circle). In another N = 15 neurons, the A1R
antagonist DPCPX (30nM) also increased the frequency of mEPSPs (black diamond). After
application of DPCPX, subsequent addition of 30 nM CGS-21680 to these same neurons did
not lead to further increase of mEPSP frequency (black triangle).
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B. Changes in the amplitude of the median mEPSP after CGS-21680 application. In N = 11
neurons, the A2AR agonist CGS-21680 (30 nM) decreased the median mEPSP amplitude
(black line). In N = 14 neurons, on the background of 30 nM DPCPX (grey line), 30nM
CGS-21680 decreased the median mEPSP amplitude (grey line).
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