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Adenosine A5 Receptor Modulation of Hippocampal
CA3-CAI Synapse Plasticity During Associative Learning
in Behaving Mice
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Agnés Gruart®

'Institute of Pharmacology and Neurosciences, Faculty of Medicine, Unit of Neurosciences, Institute of Molecular Medicine, University of Lisbon,
Lisbon, Portugal; Divisicn de Neurociencias, Universidad Pablo de Olavide, Sevilla, Spain

Previous in vitro studies have characterized the electrophysiological and molecular signaling pathways of adenosine tonic modulation on
long-lasting synaptic plasticity events, particularly for hippocampal long-term potentiation (LTP). However, it remains to be elucidated
whether the long-term changes produced by endogenous adenosine in the efficiency of synapses are related to those required for
learing and memory formation. Our goal was to understand how endogenous activation of adenosine excitatory A,a receptors
modulates the associative learning evolution in conscious behaving mice. We have studied here the effects of the application of a highly
selective A, receptor antagonist, SCH58261, upon a well-known associative learning paradigm—classical eyeblink conditioning. We
used a trace paradigm, with a tone as the conditioned stimulus (CS) and an electric shock presented to the supraorbital nerve as the
unconditioned stimulus (US). A single electrical pulse was presented to the Schaffer collateral-commissural pathway to evoke field EPSPs
(fEPSPs) in the pyramidal CAl area during the CS-US interval. In vehicle-injected animals, there was a progressive increase in the
percentage of conditioning responses (CRs) and in the slope of fEPSPs through conditioning sessions, an effect that was completely
prevented (and lost) in SCH58261 (0.5 mg/kg, i.p.) -injected animals. Moreover, experimentally evoked LTP was impaired in SCH5826 1 -
injected mice. In conclusion, the endogenous activation of adenosine A;a receptors plays a pivotal effect on the associative learning
process and its relevant hippocampal circuits, including activity-dependent changes at the CA3-CAl synapse.
Neuropsychopharmacology (2009) 0, 000-000. doi:10.1038/npp.2009.8
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INTRODUCTION associative learning, particularly using classical condition-
ing techniques (Woody, 1986; Thompson, 1988). A brain
area critically involved in the acquisition of this type of
associative learning is the hippocampus (Delgado-Garcia
and Gruart, 2006; Gruart et al, 2006; Takatsuki et al, 2003;
Tseng et al, 2004). The fact that mice can be trained with
conditioning trace paradigms, and that the activity-depen-
dent changes in hippocampal CA3-CAl synapses are
specifically involved in the acquisition and extinction of
CRs (Gruart et al, 2006; Takatsuki et al, 2003) makes
feasible the study of neural processes affecting cognitive
functions in genetically (Dominguez-del-Toro et al, 2004;
Gruart et al, 2007; Sahun et al, 2007) and/or pharmacolo-
gically (Gruart et al, 2006; Kopf et al, 1999) manipulated
mice.

Adenosine is a prototypic neuromodulator present in the

Learning is the mechanism by which the nervous system
adapts its activities to environmental changes and con-
straints for the generation of appropriate behaviors. In spite
of intense in vitro work that has helped to elucidate many
electrophysiological and molecular mechanisms supporting
the activity-dependent synaptic changes taking place at
different cerebral sites (Bliss and Collingridge, 1993; Engert
and Bonhoeffer, 1999; Kandel, 2001), it should be stressed
that neuronal processes underlying learning must be
studied under the best possible physiological conditions
—namely, in alert-behaving animals (Delgado-Garcia and
Gruart, 2006; Neves et al, 2008). In this regard, the eyelid
motor system is an excellent model for the study of
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nervous system which tunes on-going synaptic transmission
(Sebastido and Ribeiro, 2000) through the activation of
high-affinity G-protein inhibitory (A;) and excitatory
(Aza)—coupled receptors. It is known that endogenous
extracellular adenosine (or its precursor, ATP) affects in
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vitro models of hippocampal LTP (de Mendon¢a and
Ribeiro, 1994; de Mendong¢a and Ribeiro, 1997; Rex et al,
2005; Wang et al, 2004). It also modifies the animal’s
performance in learning and memory tests (Ohno and
Watanabe, 1996; Suzuki et al, 1993; von Lubitz et al, 1993),
particularly for conditioned eyeblinks (Winsky and Harvey,
1986), where there is impairment in the acquisition of CRs,
due to the activation of adenosine A; receptors. The
antagonism of A; receptors is widely proposed for the
treatment of various memory disorders (Burnstock, 2007;
Kopf et al, 1999), but little is known about the influence of
A, 4 receptors upon learning processes—particularly those
involving the participation of hippocampal circuits.

We studied here the changes in synaptic strength at the
CA3-CAl synapse during classical eyeblink conditioning.
Animals were presented with a tone as CS and an electric
shock to the supraorbital nerve as US. Eyelid CRs were
determined from the electromyographic (EMG) activity of
the orbicularis oculi muscle ipsilateral to the US presenta-
tion. Animals were implanted with chronic stimulating
electrodes on Schaffer collaterals and with a recording
electrode in the CA1 area. Field EPSPs evoked at the CA3-
CALl synapse during the CS-US interval was recorded across
conditioning sessions and during experimentally evoked
LTP. A selective A,, receptor antagonist (SCH58261) was
injected in two different experimental situations to deter-
mine the role of A, receptors in associative learning and
CA3-CAl changes in synaptic strength during both classical
conditioning and LTP. Results indicated that the adenosine
A, receptor plays a crucial role in associative learning and
the underlying CA3-CA1 synaptic plasticity.

MATERIALS AND METHODS
Animals

Experiments were carried out with C57BL/6 male adult mice
(3-5 months old; 25-30g) obtained from a commercial
supplier (Iffa-Credo, Barcelona, Spain). Upon arrival,
animals were housed in groups (n =10 per cage), but were
switched to individual cages after surgery. Mice were kept
on a 12h light-dark cycle with constant ambient tempera-
ture (22+1°C) and humidity (55 8%). Food and water
were available ad [ibitum. Experimental procedures were
performed in accordance with the Declaration of Helsinki,
European Union guidelines (2003/65/CE), and recent
Spanish regulations (BOE 252/34367-91, 2005) for the use
of laboratory animals in chronic recordings. The local
Ethical Committee for animal care and handling also
approved all experimental protocols.

Surgery

Animals were deeply anesthetized with 4% chloral hydrate
(0.1ml/10g, i.p.; Sigma-Aldrich, Madrid, Spain) and im-
planted with bipolar recording electrodes in the left
orbicularis oculi muscle and with bipolar-stimulating
electrodes on the ipsilateral supraorbitary branch of the
trigeminal nerve, near its entrance into the orbit (Figure 1).
Recording and stimulating electrodes were made of 50 um,
teflon-coated, annealed stainless-steel wire (A-M Systems,
Carlsborg, WA). Electrode tips were bared of their isolating
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Figure 1 Experimental design. (a) Photomicrographs illustrating the
location (arrows) of recording (left) and stimulating (right) sites in the
dorsal hippocampus. Calibration bar is 200 um. (b) EMG recording
electrodes were implanted in the left orbicularis oculi (OO) muscle of
the upper lid, whereas stimulating electrodes were implanted on the
ipsilateral supraorbital nerve. The latter were used for US presentation. For
classical eyelid conditioning, we used a tone (20 ms, 2.4 kHz, 85 dB) as a CS.
The loudspeaker was located 30cm from the animal’s head. Stimulating
electrodes (St) were implanted on the Schaffer collaterals of the right
hippocampus, whereas a recording electrode (Rec) was aimed toward the
pyramidal CAl area. (c) The three superimposed records at the top (I)
illustrate the fEPSP recorded in the stratum radiatum of the CAl area
following electrical stimulation of Schaffer collaterals. Superimposed
records (n=3) at the bottom (2) correspond to the blink reflex evoked
in the OO muscle by the electrical stimulation of the trigeminal nerve. Note
the two short (R1) and long (R2) latency components characterizing the
blink reflex in mammals. Abbreviations: D, L, M, V, dorsal, lateral, medial,
ventral; DG, dentate gyrus.

cover for 0.5mm and bent as a hook to allow a stable
insertion in the lid. During the same surgical step, animals
were also implanted with bipolar-stimulating electrodes in
the right Schaffer collateral pathway of the dorsal hippo-
campus (2 mm lateral and 1.5 mm posterior to Bregma, and
1-1.5mm from the brain surface; Paxinos and Franklin,
2001) and with a recording electrode aimed at the right CA1
stratum radiatum (1.2 mm lateral and 2.2 mm posterior to
Bregma, and 1-1.5 from the brain surface). Hippocampal
electrodes were made of 50 um, Teflon-coated tungsten wire
(Advent Research Materials, Eynsham, UK). The final
location of the recording electrode in the CAl area was
determined following the field potential depth profile
evoked by paired (40ms interval) pulses presented to
Schaffer collaterals (Figure 1). A bare silver wire was affixed
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to the skull as ground. The eight wires were soldered to two
four-pin sockets (RS Amidata, Madrid, Spain), which were
then fixed to the skull with dental cement. Further details of
this chronic preparation can be found elsewhere (Gruart
et al, 2006; Madronal et al, 2007). Experiments were started
>1 week after surgery.

Recording and Stimulation Procedures

Recording sessions were performed with three animals at a
time. Animals were placed in separate plastic chambers
(5x5x10cm) located inside a larger Faraday box
(30 x 30 x 20 cm). The EMG activity of the orbicularis oculi
muscle was recorded with Grass P511 differential amplifiers
(Grass-Telefactor, West Warwick, RI) within a bandwidth of
0.1Hz to 10kHz. Field EPSP recordings were also carried
out with Grass P511 differential amplifiers through a high-
impedance probe (2 x 10'2Q, 10 pF).

For input/output curves (Figure 2), animals were
stimulated at the Schaffer collaterals with paired pulses
(40 ms interval) at increasing intensities (0.04-0.3 mA). The
effects of paired pulses at different inter-stimulus intervals
(10, 20, 40, 100, 200, and 500ms) were also checked
(Figure 2). For this, we used stimulus intensities corre-
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sponding to 40% of the amount necessary for evoking a
saturating response (Gureviciene et al, 2004). For both
input/output curves and paired-pulse facilitation, pairs of
stimuli were repeated >5 times with time intervals >30s,
to avoid interferences with slower short-term potentiation
(augmentation) or depression processes (Zucker and
Regehr, 2002). Moreover, to avoid any cumulative effects,
intensities and/or intervals were presented at random.

Classical Conditioning Procedures

For classical eyeblink conditioning, a tone (20 ms, 2.4 kHz,
85dB) was presented to the animals as a CS. The US
consisted of a 500 us, 3 x threshold, square, cathodal pulse
applied to the supraorbital nerve presented 500 ms after the
end of the CS (Figure 3). A total of two habituation, 10
conditioning, and five extinction sessions were performed
for each animal. A conditioning session consisted of 60 CS-
US presentations, and lasted ~ 30 min. CS-US presenta-
tions were separated at random by 30+ 5s. For a proper
analysis of the CR, the CS was presented alone in 10% of the
cases. For habituation and extinction sessions, the CS was
presented alone, also for 60 times per session, at intervals of
30+5s. As criteria, we considered a ‘CR’ the presence,
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Figure 2 Input/output curves and paired-pulse stimulation evoked at the CA3-CA synapse in controls and in SCH5826 | -injected mice. (a) Relationships
between the intensity (in mA) of pairs of stimuli (40 ms inter-stimulus interval) presented to Schaffer collaterals and the slope of the fEPSPs evoked in the
CAl layer, corresponding to the first (white triangles) and second (black triangles) stimuli. Values for the first + second fEPSPs (white circles) are also
indicated. Data collected from five control animals. At the top are illustrated representative averaged (n = 3) records of fEPSPs recorded in the CAl area
following paired-pulse stimulation of the ipsilateral Schaffer collaterals at two different (I, 0.14 mA, and 2, 0.24 mA) intensities. lllustrated data correspond to
mean £ SEM. Asterisks (*) indicate significant (P<0.001) differences between fEPSPs evoked by the first and second stimuli (F;352) = 35.314). (b) Same as
in (a) but illustrating data collected from SCH58261-injected animals (n=5). *, P<0.001, [F(j352) =43.962]. (c) Representative control records (averaged
three times) of fEPSPs evoked by paired-pulse stimulation at six different (500, 200, 100, 40, 20, and 10 ms) time intervals, and using and intensities (MA)
~40% of the asymptotic value, as illustrated in Figure 2. (d) Averaged paired-pulse ratio [(second pulse/first pulse) x 100] of fEPSPs evoked by paired-pulse
stimulation at the indicated inter-stimulus intervals in both control and SCH5826 | -injected animals (n=>5 for each group). lllustrated data correspond to
mean £ SEM. Note a significant facilitation [Fs,0)=3.916; P<0.01] of fEPSPs evoked by the second pulse with respect to the first at 40 ms inter-pulse
intervals for both control and SCH5826 | -injected animals. No significant differences (P>0.702) were observed for data collected from the two groups of
animals.
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Figure 3 Leaming curves and evolution of the synaptic field potential for control and SCH5826 | -injected groups. (a) A schematic representation of the
conditioning paradigm, illustrating CS and US, and the moment at which a single pulse (100 ps, square, biphasic) was presented to Schaffer collaterals (St
Hipp.). Below are illustrated two examples of EMG records from the orbicularis oculi (OO) muscle, as well as extracellular records of hippocampal activity
collected from representative animals of the control (vehicle) and experimental (SCH58261) groups. lllustrated data were obtained from the ninth
conditioning session of each animal. Note the fEPSP evoked by the single pulse presented to Schaffer collaterals. (b) Representative records (averaged three
times) of fEPSPs collected at different times across the classical conditioning test, from a control and an SCH5826 | -injected animal. (c) Evolution in the
percentage of CRs during the successive sessions for control (black circles) and SCH5826 | -injected (white circles) groups. Differences between control and
SCH5826 | -injected groups were statistically significant from the second to the tenth conditioning sessions and for the first extinction session
[Fi6,144)=5.604; P<0.001]. (d) Evolution of fEPSP slopes for control (black circles) and SCH5826 | -injected (white circles) groups, expressed as the % of
change with respect to mean values collected during the two habituation sessions (baseline). The sample records illustrated at (b) were collected at the
indicated times (baseline, |, 2, and 3). Mean values are followed by * SEM. Differences between control and SCH5826 1 -injected groups were statistically
significant from the second to the tenth conditioning sessions and for the first extinction session [F(j¢ 44y =3.154; P<0.01].

during the CS-US interval, of EMG activity in the LTP Induction
orbicularis oculi muscle lasting >10ms and initiated
>50ms after CS onset. In addition, the integrated EMG
activity recorded during the CS-US interval had to be at
least 2.5 times greater than the average activity recorded
immediately before CS presentation (Gruart et al, 2006;
Porras-Garcia et al, 2005).

Synaptic field potentials in the CAl area were evoked
during habituation, conditioning, and extinction sessions
by a single 100us, square, biphasic (negative-positive)
pulse applied to Schaffer collaterals 300ms after CS
presentation (Figure 3). For each animal, the stimulus
intensity was set at 40% of the intensity necessary for
evoking a maximum fEPSP response as determined from
data collected from input/output curves (see Figure 2). An
additional criterion for selecting the stimulus intensity
during conditioning sessions was that a second stimulus,

For evoking LTP, each animal was presented with a high-
frequency stimulation (HFS) session consisting of five
200 Hz, 100 ms trains of pulses at a rate of 1/s. These trains
of pulses were presented 6 times in total, at intervals of
1 min. The 100 s, square, biphasic pulses used to evoke
LTP were applied at an intensity of ~40% of the amount
necessary for evoking a saturating response. Baseline values
were collected for 15min at a rate of 3/min using the same
stimulus intensity. After the HFS session, field EPSPs
(fEPSPs) were evoked again at the same rate (3/min) and
intensity (40% of asymptotic value, see above) for 30 min.
An additional recording session was repeated 24 h after HFS
for 15min (Figure 4).

presented 40 ms after a conditioning pulse, evoked a larger Drugs
(>20%) synaptic field potential (Bliss and Gardner-  We used here the adenosine A,, receptor antagonist
Medwin, 1973). SCH58261 {7-(2-phenylethyl)-5-amino-2-(2-furyl)-pyrazolo-
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Figure 4 Evolution of fEPSPs evoked in the pyramidal CAl area by
single-pulse stimulation of Schaffer collaterals before and after HFS. For LTP
induction, each animal was subjected to an HFS session (dashed line)
consisting of five 200Hz, 100ms trains of pulses at a rate of I/s. This
protocol was presented six times, at intervals of | min. The 100 ps, square,
biphasic pulses used to evoke LTP were applied at the same intensity as
that used for the single pulse presented before (ie, for baseline records)
and following HFS presentation. LTP evolution was followed for 30 min
immediately after HFS (day 1) and 24h later (day 2). Recordings were
collected from 10 animals for both control (black circles) and SCH58261-
injected (white circles) groups. lllustrated data correspond to mean + SEM.
Representative control records (averaged three times) of fEPSPs evoked
before and after the HFS session are illustrated at the top for the two
groups of animals. Field EPSPs were collected at the indicated time periods
(baseline, |, and 2). Asterisks (*) indicate significant differences
[Fao171y=8243; P<000I] between LTP evoked in controls vs
SCH5826 | -injected mice.

[4,3-e]-1,2,4 triazolo[1,5-] pyrimidine}, obtained from
Tocris Cookson (Ballwin, MO, USA). SCH58261 was
dissolved in saline with 10% dimethylsulfoxide and
administered i.p. at a dose of 0.5mg/kg. At this dose,
SCH58261 reaches the brain rapidly (El Yacoubi et al,
2001), has no effect on cardiovascular hemodynamics and
retains A,, selective receptor antagonist properties in vivo
(Monopoli et al, 1998). The SCH58261 dose used here
(0.5 mg/kg) was selected from a range of doses (0.5-2 mg/kg)
checked in a set of preliminary HFS experiments. Control
animals received the same volume of the vehicle solution. For
experiments illustrated in Figures 2 and 4 (input-output
curves, paired-pulse test, and HFS-induced LTP), the drug was
injected 30min before the corresponding test. For classical
conditioning (Figure 3), animals were injected 30 min before
each conditioning session (ie, 10 times).

Data Collection and Analysis

EMG and extracellular hippocampal activity, and 1-volt
rectangular pulses corresponding to CS and US presenta-

Adenosine A, receptor and CA3-CAl synaptic plasticity
BM Fontinha et al

g

tions, were stored digitally on a computer through an
analog/digital converter (1401 Plus; CED, Cambridge,
England), at a sampling frequency of 11-22 kHz and with
an amplitude resolution of 12 bits. Data were analyzed
offline for quantification of CRs and fEPSP slopes with the
help of commercial (Spike 2 and SIGAVG from CEDM) and
home-made (Porras-Garcia et al, 2005; Gruart et al, 2006)
representation programs. The slope of evoked fEPSPs was
represented as the first derivative (volts per second) of
fEPSP recordings (volts). For this, five successive fEPSPs
were averaged, and the mean value of the slope during the
rise time (ie, the period of the slope between the initial 10%
and the final 10% of the fEPSP) was determined. Computed
results were processed for statistical analysis using the
Sigma Stat for Windows package. Unless otherwise
indicated, data are represented as the mean+ SEM.
Acquired data were analyzed using a two-way ANOVA test,
with session as repeated measure.

RESULTS

EMG and CA3-CA1l Synaptic Field Potentials Recorded
in Alert-Behaving Mice

As illustrated in Figure 1, the experimental design used in
this work enables the simultaneous recording of condi-
tioned eyeblinks and of fEPSPs evoked at hippocampal
CA3-CAl synapses (Gruart et al, 2006; Madrofal et al,
2007). Stimulating and recording electrodes implanted in
the upper lid did not disturb its normal kinematics, and
allowed the generation of spontaneous and electrically
evoked eyelid responses (Figure 1c2). Conditioned eye-
blinks were easily distinguished in EMG recordings and
were quantified following criteria described previously
(Porras-Garcia et al, 2005; Gruart et al, 2006). In
simultaneity with the acquisition of CRs, we recorded the
evolution of CA3-CAl field synaptic potentials. The
electrical stimulation of Schaffer collaterals presented
300 ms after the CS evoked a definite fEPSP in the CAl
area (Figure 1C2). According to recorded fEPSP profiles
(see examples in Figures 2-4) most recording electrodes
were located near CAl apical dendrites (ie, in the stratum
radiatum). Only on occasions, recorded waves presented a
positive profile, corresponding to a more dorsal location of
the electrode (Schwartzkroin, 1986). The stimulus applied to
Schaffer collaterals disrupted the ongoing 6 rhythm
recorded in the CAl area, but the rhythm reappeared in
phase 100-500ms later. Field EPSPs recorded with this
procedure do not present any spontaneous tendency toward
a sustained increase or decrease (de Jonge and Racine, 1985;
Madronal et al, 2007).

Input/Output Relationships at the CA3-CA1 Synapse in
Controls and in SCH58261-Injected Mice

The facilitation evoked by the presentation of a pair of
pulses is a typical presynaptic short-term plastic property of
some excitatory synapses of the hippocampus, including the
CA3-CAl synapses, and it has been correlated with
neurotransmitter release (Thomson, 2000; Zucker and
Regehr, 2002). In a first series of experiments, we studied
in control and SCH58261-injected mice the changes in
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fEPSP slopes evoked in the pyramidal CAl area by paired-
pulse (40 ms interval) stimulation of the ipsilateral Schaffer
collaterals (see Madrofal et al, 2008 for details). The slope
of fEPSPs (in mV/s) evoked in the CAl area by the first
stimulus in controls (vehicle, n=5 animals, Figure 2a)
increased steadily with current strength (range 0.04-
0.3mA) until reaching asymptotic values for intensities
>0.24mA (white triangles, Figure 2a; Student’s t-test,
P>0.079). In contrast, fEPSPs evoked by the second
stimulus (black triangles, Figure 2a) increased initially in
parallel with fEPSPs evoked by the first pulse (but with
significantly larger values) until stimuli >0.18 mA, from
which the fEPSP slopes evoked by the second stimulus were
significantly smaller than those evoked by the first
[F(13,50)=35.314; P<0.001]. The addition of fEPSP slopes
evoked by the first and second stimuli (first + second, white
circles, Figure 2a) presented a sigmoid-like shape. Similar
results have been described recently for the CA3-CAl
synapse in behaving mice (Madrofial et al, 2008).

SCH58261-injected mice (n =5 animals) presented input/
output curves non-significantly different (P>0.315) from
those obtained from vehicle-injected animals (Figure 2b). In
addition, the paired-pulse facilitation evoked with low
intensities (<0.16 mA) was changed into paired-pulse
depression for larger paired-pulse intensities (>0.2mA).
Results collected for fEPSPs evoked by the first and second
stimuli in SCH58261-injected animals were also signifi-
cantly different at both low (<0.16mA) and high
(>0.2mA) stimulus intensities [F(13,50) = 43.962;
P<0.001]. These results also indicate that SCH58261
injections will not modify baseline slope of fEPSPs during
classical conditioning and LTP experiments (see below).

We checked the effects of paired-pulse stimulation at a
fixed intensity (~40% of the amount needed for evoking a
maximum fEPSP response) of the CA3-CAl synapse at
different time intervals in controls and in SCH58261-
injected mice (Figure 2c and d). Again, no significant
differences were observed between data collected from the
two groups of animals [Fss9)=0.598; P>0.702]. Never-
theless, both groups of animals presented significant paired-
pulse facilitation of fEPSPs evoked by the second pulse with
respect to the first at 40ms inter-pulse intervals
[F(s.20) = 3.916; P<0.01].

In conclusion, and as indicated in a recent report
(Madronal et al, 2008), paired-pulse facilitation evoked
with low stimulus intensities can be changed into paired-
pulse depression by stronger pairs of stimuli, suggesting a
homeostatic role to either facilitate or damp afferent volleys
arriving at pyramidal CAl cells following a conditioning
input (Turrigiano and Nelson, 2004). Apparently, this
interesting property of short-term plasticity at CA3-CAl
synapses is not modified by the pharmacological manipula-
tion of adenosine A,, receptors.

Classical Conditioning of Eyelid Responses in Controls
and in SCH58261-Injected Mice

In each experimental group (vehicle and SCH58261-
injected), nine successful animals were classically condi-
tioned using a trace (CS, tone; US, shock) paradigm. The
time interval between the end of the CS and the beginning of
the US was 500ms. As shown in Figure 3a and c, the
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percentage of CRs increased steadily across conditioning
sessions for the vehicle-injected animals, with a profile
similar to that in previous descriptions in mice, using
similar trace conditioning procedures (Takatsuki et al,
2003; Dominguez-del-Toro et al, 2004; Gruart et al, 2006).
These animals presented a mean of 46.5+7.9% responses
during the first conditioning session, and reached asymp-
totic values from the 7th session onward (>70% of CRs).

The mean percentage of CRs collected for control animals
was significantly larger from the second conditioning
session onward compared with values reached by the
SCH58261-injected mice, as well as for the first extinction
session [F(i6144)=5.604; P<0.001]. In SCH58261-injected
mice, we were unable to observe a normal conditioning
profile like that of the control group. In fact, mice injected
daily with SCH58261 presented a profile of CRs that
decreased progressively across conditioning sessions, and
by the 9th session reached values (22.7 £ 4.2%) well below
(P<0.05) those observed for the first conditioning session
(39.7 £ 5.6% of CRs). Thus, the daily injection of SCH58261
presented a cumulative (negative) effect on the associative
learning capabilities of injected animals.

Evolution of CA3-CA1l fEPSP Across Classical
Conditioning of Eyelid Responses Controls and in
SCH58261-Injected Mice

As shown in Figure 3b and d, fEPSPs evoked in control
animals by the electrical stimulation of Schaffer collaterals
increased progressively in slope (taking the slope of fEPSPs
collected during the two habituation sessions as 100%, see
baseline values in Figure 3d) across conditioning, to
~140% during the 4th conditioning session and to
>150% for the ninth and tenth conditioning sessions
(P<0.05; black circles, Figure 3d). In contrast, animals
injected daily with SCH58261 (white circles, Figure 3d)
presented significantly lower values for fEPSP slopes than
those of controls from the second to the tenth conditioning
sessions and for the first extinction session [Fj 144y = 5.604;
P<0.001]. Indeed, fEPSPs evoked in SCH58261-injected
mice across conditioning were similar to (and sometimes
even lower than) baseline records.

As expected (Gruart et al, 2006; Sahun et al, 2007), during
the five extinction sessions, fEPSP slopes in the control
situation decreased progressively (black circles, Figure 3d),
but did not reach an expected value of ~80% of baseline
fEPSP responses (see Gruart et al, 2006). In contrast, the
slope of fEPSPs recorded from SCHS58261-injected mice
remained close to baseline values (white circles, Figure 3d).

Comparison of LTP Evoked in Alert-Behaving Controls
and SCH58261-Injected Mice

For the LTP study, and to obtain a baseline for evoked
fEPSPs, animals (n = 10 for each group) were stimulated for
15min at Schaffer collaterals (Figure 4). The stimulus
consisted of a single 100ps, square, biphasic pulse
presented 3 times/min. Pulse intensity (0.05-0.3 mA) was
set at ~40% of the amount necessary to evoke a maximum
fEPSP response (Gruart et al, 2006, Sahun et al, 2007). For
LTP induction, each animal was subjected to an HFS session
consisting of five trains (200 Hz, 100 ms) of pulses at a rate
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of 1/s. These trains of stimuli were presented six times in
total, at intervals of 1 min. To avoid evoking a population
spike and/or unwanted EEG seizures, the stimulus intensity
for HES was set at the same amount as that used for
generating the baseline record. After HFS, the same single
stimulus used to generate baseline records was presented at
the initial rate (3/min) for another 30 min (Figure 4). With
this protocol, the control group presented a significant LTP
lasting at least 24 h [F(;9,171)=8.101; P<0.001]. In contrast,
SCH58261-injected mice presented a minimum (120%),
non-significant (>0.27) increase in the slope of fEPSPs
evoked by the test pulses following the HFS session.

In summary, although SCH58261-injected animals pre-
sented a normal performance for input/output curves and
paired-pulse modulation (Figure 2), they had evident
limitations for associative learning and for activity-depen-
dent synaptic plasticity (Figure 3), a result confirmed by the
significant deficit in HFS-evoked LTP (Figure 4).

DISCUSSION

The present results, obtained from alert-behaving mice,
provide evidence for a direct and endogenous role of
adenosine operating through the excitatory A,, receptor
subtype in the physiological potentiation of fEPSPs evoked
at hippocampal CA3-CA1 synapses during the acquisition of
an associative learning task. These results were further
confirmed by the absence of HFS-evoked LTP in SCH58261-
injected animals.

We found that mice, injected daily with SCH58261, in a
concentration that has been shown to prevent beta-amyloid
(25-35)-induced cognitive deficits in mice (Dall’Igna et al,
2007), were unable to be conditioned with a simple
associative learning task, such as the classical conditioning
of eyelid responses. SCH58261-injected animals presented a
decrease in the percentage of eyelid responses across
conditioning and extinction sessions, most probably due
to blockade of adenosine A,, receptors. Indeed, this
compound has about 50-fold selectivity for rat A,
receptors (Ki~2nM) over rat adenosine Al receptors
(Zocchi et al, 1996) and has even higher A, selectivity
when adenosine A, (580-fold) or rat adenosine A3 (1561-
fold) receptors are concerned (Yang et al, 2007). SCH58261,
at doses similar or even higher than that used in the present
work, retains A,, receptor antagonist properties in vivo as it
does not mimic centrally mediated actions of selective
adenosine Al receptor antagonists (Connole et al, 2004;
Kelsey et al, 2009). Moreover, selective antagonism of Al
receptors does not affect centrally mediated actions of
SCH58261 (El Yacoubi et al, 2000). Finally, SCH58261 (i.p.)
was shown to antagonize the action of a selective A2A
receptor agonist but not that of a selective Al receptor
agonist (Monopoli et al, 1998).

Interestingly, impaired associative learning was also
observed whereas recording hippocampal fEPSPs, in a
synaptic relay (ie, the CA3-CAl synapse) that is critically
involved in the acquisition of associative learning in alert-
behaving mice (Gruart et al, 2006; Madronal et al, 2007) and
rats (Whitlock et al, 2006). In the present experiments, with
SCH58261-injected mice we observed a non-significant
increase in fEPSP slopes across conditioning sessions,
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which was probably related to the observed decrease in
the percentage of CRs.

Although the effects of a systemic injection of SCH58261
reported here could be a secondary result of changes
occurring elsewhere in the brain, the fact that we
concentrate on fEPSP evoked monosynaptically in pyrami-
dal CAL1 cells by the electrical stimulation of the ipsilateral
Shaffer collaterals strongly suggest that these effects are
taking place at the least in the CA3-CA1 synapse. Obviously,
this assumption does not discard other actions of SCH58261
taking place at selected brain sites in which A,, receptors
are also present.

Role of Adenosine in Associative Learning and Activity-
Dependent Synaptic Plasticity

It is widely accepted that adenosine, acting through
activation of high-affinity inhibitory (A;) and excitatory
(Aa) receptors, modulates synaptic plasticity events,
particularly in in vitro models of LTP and long-term
depression (LTD)/depotentiation (see de Mendonga and
Ribeiro, 1997). As adenosine is an endogenous purine with
an important role in the regulation of neuronal excitability
and low-frequency synaptic transmission, the hypothesis
was advanced that adenosine could also modulate phenom-
ena of use-dependent changes in synaptic strength. In this
regard, it has been reported that endogenous adenosine,
through activation of A, receptors, could facilitate HFS-
induced LTP in the pyramidal CA1 area (Kessey and Mogul,
1997, 1998; Sekino et al, 1991). Indeed, activation of A,,
receptors with highly selective agonists facilitates LTP
in vitro (de Mendon¢a and Ribeiro, 1994). As the
adenosinergic system is able to modulate long-term changes
in the efficiency of synapses that are considered the
neurophysiological basis for learning and memory (Bliss
and Collingridge, 1993), it would be expected that these
compounds could also modify the performance of experi-
mental animals in learning and memory tests. Accordingly,
it was found that adenosine, through the activation of the
widespread adenosine A; receptor, could impair the
acquisition of the classical conditioning of nictitating
membrane responses (Winsky and Harvey, 1986), or even
impair the retention in a passive avoidance task (Normile
and Barraco, 1991). In spite of the fact that most of
the effects produced by endogenous adenosine are through
the activation of the widespread inhibitory A; receptor,
there are some grounds for proposing that the actions of
these inhibitory receptors could be supplemented by an
autocrine-like role of facilitatory A,, receptors restricted to
activated synapses (reviewed in Ferré et al, 2005). However,
little is known yet about the influence of endogenous
activation of synaptically localized A,, receptors in the
modulation of learning and memory tasks (see Kopf et al,
1999).

In the present experiments, we have demonstrated for the
first time that A,, receptors are critically involved in the
acquisition of classically conditioned eyelid responses in
behaving mice. Moreover, the deficit in associative learning
observed following the pharmacological blockade of A,
receptors, with a highly specific antagonist, is possibly
related with an impairment of hippocampal synapses to
undergo the expected potentiation (Gruart et al, 2006;
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Whitlock et al, 2006), as revealed by the absence of change
in the slopes of fEPSPs across conditioning sessions. In fact,
there is evidence that the increase in the synaptic strength of
relevant hippocampal circuits involved in associative
learning, and the acquisition of classically conditioned
eyelid responses, require the activation of hippocampal
NMDA receptors. The genetic alteration (Kishimoto et al,
2001, 2006) or the in vivo pharmacological blockade of
NMDA receptors (Gruart et al, 2006; Maren et al, 1992;
Sakamoto et al, 2005) prevents both the acquisition of a
classically conditioned eyelid response and the enhance-
ment of the synaptic transmission between the CA3-CAl
synapse using a trace paradigm similar to the one used here.
Although systemic injections of SCH58261 could obviously
block other neuronal centers expressing the A,, receptor
(see for example, Mingote et al, 2008), results collected here
clearly involve the CA3-CAl synapse as demonstrated by
the significant decrease in both LTP and physiological
synaptic potentiation during associative learning.

Adenosine A,, receptors localized postsynaptically at
synapses between mossy fibers and CA3 pyramidal cells are
essential for a form of LTP of NMDA currents (Rebola et al,
2008). It has also been shown that adenosine A,, receptors
co-locate with mGluR receptors and act synergistically to
potentiate NMDA effects at the hippocampal CA3-CAl
synapse (Tebano et al, 2005). It is therefore feasible to
speculate that the mechanism by which there is an
impairment of the acquisition of conditioned responses by
blockade of A,, receptors could be a reduced activation of
NMDA receptors. Another possibility is the interaction of
adenosine A,, receptors with TrkB receptors, as adenosine
A, receptors, through a cyclic AMP-mediated process
(Boulanger and Poo, 1999; Didgenes et al, 2004) or through
transactivation of TrkB receptors (Lee and Chao, 2001),
trigger BDNF actions at synapses. In this regard, it has been
shown recently that TrkB receptors located in the hippo-
campal circuit are involved in associative learning and in
learning-induced changes in synaptic strength (Gruart et al,
2007). Adenosine A, receptors seem to be required for
normal BDNF levels (Tebano et al, 2008), for BDNF-induced
potentiation of synaptic transmission (Didgenes et al, 2007;
Tebano et al, 2008), for BDNF influence upon alpha7-
nicotinic acetylcholine receptors (Fernandes et al, 2008),
and—most relevant in the context of the present work—for
BDNF-induced facilitation of LTP (Fontinha et al, 2008) in
the CA1l area of hippocampal slices. Indeed, upon blockade
of A, receptors, BDNF was no longer able to facilitate
theta-burst-induced CA1 LTP in hippocampal slices
(Fontinha et al, 2008). Therefore, it is probable that a
reduced influence of BDNF wupon synaptic plasticity
phenomena, due to the lack of activation of A,, receptors
by endogenous adenosine, might explain the now-reported
associative learning disability of the animals with A4
receptors blocked. Further studies, clearly outside the scope
of the present work, are required to directly evaluate this
hypothesis.

The present results allow determining the role of
endogenous activation of adenosine A,, receptors during
hippocampal LTP in behaving animals, shedding light on
the mechanisms involved in the induction, expression, and
extinction of LTP processes. In this regard, we have
convincingly demonstrated that HFS-induced LTP in alert-
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behaving mice is disrupted in the presence of a potent and
selective antagonist for A,, receptors, demonstrating a
crucial role of these receptors in associative learning.
Therefore, adenosine A,, receptors in the hippocampus,
though less abundant than adenosine A, receptors (Ribeiro
et al, 2003), emerge as essential for hippocampal-dependent
cognitive functions.

DISCLOSURE/CONFLICT OF INTEREST

None of the authors has any potential conflict of interest in
relation to the subject of the report. Official grants
supported by this study are indicated below. We declare
that, except for income received from our primary employ-
er, no financial support or compensation has been received
from any individual or corporate entity over the past 3 years
for research or professional service and there are no
personal financial holdings that could be perceived as
constituting a potential conflict of interest in relation to the
present study. JMDG and AG have received financial
support from Aventis-Pharma from 2002-2005.

ACKNOWLEDGEMENTS

This study was supported by grants from the Spanish
Ministry of Education and Research (BFU2005-01024 and
BFU2005-02512), Spanish Junta de Andalucia (BIO-122 and
CV1-02487), and the Fundacién Conocimiento y Cultura of
the Pablo de Olavide University (Seville, Spain). B. Fontinha
was in receipt of a studentship from a project grant (POCI/
SAU-NEU/56332/2004) supported by Fundagdo para a
Ciéncia e Tecnologia (FCT, Portugal), and of an STSM
from Cost B30 concerted action of the EU. We thank Ms
Maria Esteban for her contribution to data analysis and Mr
Roger Churchill for his editorial help.

REFERENCES

Bliss TV, Collingridge GL (1993). A synaptic model for memory:
long-term potentiation in the hippocampus. Nature 361: 31-39.

Bliss TVP, Gardner-Medwin AR (1973). Long-lasting potentiation
of synaptic transmission in the dentate area of the unanaesthe-
tized rabbit following stimulation of the perforant path. J Physiol
(London) 232: 357-374.

Boulanger L, Poo MM (1999). Gating of BDNF-induced synaptic
potentiation by cAMP. Science 284: 1982-1984.

Burnstock G (2007). Physiology and pathophysiology of purinergic
neurotransmission. Physiol Rev 87: 659-797.

Connole L, Harkin A, Maginn M (2004). Adenosine Al receptor
blockade mimics caffeine’s attenuation of ethanol-induced
motor incoordination. Basic Clin Pharmacol Toxicol 95: 299-304.

Dall'Igna O, Fett P, Gomes MW, Souza DO, Cunha RA, Lara D
(2007). Caffeine and adenosine A2A receptor antagonists prevent
beta-amyloid (25-35)-induced cognitive deficits in mice. Exp
Neurol 203: 241-245.

de Jonge M, Racine RJ (1985). The effects of repeated induction
of long-term potentiation in the dentate gyrus. Brain Res 328:
181-185.

de Mendong¢a A, Ribeiro JA (1994). Endogenous adenosine
modulates long-term potentiation in the hippocampus. Neu-
roscience 62: 385-390.

de Mendonga A, Ribeiro JA (1997). Adenosine and neuronal
plasticity. Life Sci 60: 245-251.

NPG.NPP.NPP20098 ‘




Delgado-Garcia JM, Gruart A (2006). Building new motor
responses: eyelid conditioning revisited. Trends Neurosci 29:
330-338.

Didgenes MJ, Assaife-Lopes N, Pinto-Duarte A, Ribeiro JA,
Sebastido AM (2007). Influence of age on BDNF modulation of
hippocampal synaptic transmission: interplay with adenosine
A, receptors. Hippocampus 17: 577-585.

Didgenes MJ, Fernandes CC, Sebastidto AM, Ribeiro JA (2004).
Activation of adenosine A2A receptor facilitates brain-derived
neurotrophic factor modulation of synaptic transmission in
hippocampal slices. ] Neurosci 24: 2905-2913.

Dominguez-del-Toro E, Rodriguez-Moreno A, Porras-Garcia E,
Sanchez-Campusano R, Blanchard V, Lavilla M et al (2004). An
in vitro and in vivo study of early deficits in associative learning
in transgenic mice that overexpress a mutant form of human
APP associated with Alzheimer’s disease. Eur J Neurosci 20:
1951-1952.

El Yacoubi M, Ledent C, Ménard JF, Parmentier M, Costentin J,
Vaugeois JM (2000). The stimulant effects of caffeine on
locomotor behaviour in mice are mediated through its blockade
of adenosine A2A receptors. Br | Pharmacol 129: 1465-1473.

El Yacoubi M, Ledent C, Parmentier M, Ongini E, Costentin J,
Vaugeois JM (2001). In vivo labelling of the adenosine A4
receptor in mouse brain using the selective antagonist
[*H]SCH58261. Eur ] Neurosci 14: 1567-1570.

Engert F, Bonhoeffer T (1999). Dendritic spine changes associated
with hippocampal long-term synaptic plasticity. Nature 399:
66-70.

Fernandes CC, Pinto-Duarte A, Ribeiro JA, Sebastido AM (2008).
Postsynaptic action of brain-derived neurotrophic factor attenu-
ates alpha7 nicotinic acetylcholine receptor-mediated responses
in hippocampal interneurons. | Neurosci 28: 5611-5618.

Ferré S, Borycz J, Goldberg SR, Hope BT, Morales M, Lluis C et al
(2005). Role of adenosine in the control of homosynaptic
plasticity in striatal excitatory synapses. ] Int Neurosci 4:
445-464.

Fontinha BM, Diégenes M], Ribeiro JA, Sebastidto AM (2008).
Enhancement of long-term potentiation by BDNF requires
adenosine A2A receptor activation by endogenous adenosine.
Neuropharmacology 54: 924-933.

Gruart A, Muiioz MD, Delgado-Garcia JM (2006). Involvement of
the CA3-CAl synapse in the acquisition of associative learning
in behaving mice. J Neurosci 26: 1077-1087.

Gruart A, Sciarretta C, Valenzuela-Harrington M, Delgado-Garcia
JM, Minichiello L (2007). Mutation at the TrkB PLC{gamma}-
docking site affects hippocampal LTP and associative learning.
Learn Mem 14: 54-62.

Gureviciene I, Ikonen S, Gurevicius K, Sarkaki A, van Groen T,
Pussinen R et al (2004). Normal induction but accelerated
decay of LTP in APP + PSI transgenic mice. Neurobiol Dis 15:
188-195.

Kandel ER (2001). The molecular biology of memory storage: a
dialogue between genes and synapses. Science 294: 1030-1038.
Kelsey JE, Langelier NA, Oriel BS, Reedy C (2009). The effects of
systemic, intrastriatal, and intrapallidal injections of caffeine and
systemic injections of A2A and Al antagonists on forepaw
stepping in the unilateral 6-OHDA-lesioned rat. Psychopharma-

cology (Berlin) 201: 529-539.

Kessey K, Mogul DJ (1997). NMDA-independent LTP by adenosine
A2 receptor-mediated postsynaptic AMPA potentiation in
hippocampus. | Neurophysiol 78: 1965-1972.

Kessey K, Mogul D] (1998). Adenosine A2 receptors modulate
hippocampal synaptic transmission via a cyclic-AMP-dependent
pathway. Neuroscience 84: 59-69.

Kishimoto Y, Kawahara S, Mori H, Mishima M, Kirino Y (2001).
Long-trace interval eyeblink conditioning is impaired in mutant
mice lacking the NMDA receptor subunit €1. Eur | Neurosci 13:
1221-1227.

Adenosine A, receptor and CA3-CAl synaptic plasticity
BM Fontinha et al

g

Kishimoto Y, Nakazawa K, Tonegawa S, Kirino Y, Kano M (2006).
Hippocampal CA3 NMDA receptors are crucial for adaptive
timing of trace eyeblink conditioned response. J Neurosci 26:
1562-1570.

Kopf SR, Melani A, Pedata F, Pepeu G (1999). Adenosine and
memory storage: effect of A, and A, receptor antagonists.
Psychopharmacol 146: 214-219.

Lee FS, Chao MV (2001). Activation of Trk neurotrophin receptors
in the absence of neurotrophins. Proc Natl Acad Sci USA 98:
3555-3560.

Madrofial N, Delgado-Garcia JM, Gruart A (2007). Differential
effects of long-term potentiation evoked at the CA3-CAl
synapse before, during, and after the acquisition of classical
eyeblink conditioning in behaving mice. J Neurosci 27:
12139-12146.

Madrofial N, Gruart A, Delgado-Garcia JM (2008). Differential
contribution of presynaptic mechanisms to LTP and to
associative learning at the CA3-CAl synapse in alert behaving
mice (Submitted).

Maren S, Baudry M, Thompson RF (1992). Effects of the novel
NMDA receptor antagonist, CGP 39551, on field potentials and
the induction and expression of LTP in the dentate gyrus in vivo.
Synapse 11: 221-228.

Mingote S, Font L, Farrar AM, Vontell R, Worden LT, Stopper CM
et al (2008). Nucleus accumbens adenosine A2A receptors
regulate exertion of effort by acting on the ventral striatopallidal
pathway. J Neurosci 28: 9037-9046.

Monopoli A, Casati C, Lozza G, Forlani A, Ongini E (1998).
Cardiovascular pharmacology of the A2A adenosine receptor
antagonist, SCH 58261, in the rat. | Pharmacol Exp Ther 285:
9-15.

Neves G, Cooke SF, Bliss TVP (2008). Synaptic plasticity, memory
and the hippocampus: a neural network approach to causality.
Nat Rev Neurosci 9: 65-75.

Normile HJ, Barraco RA (1991). N6-Cyclopentyladenosine impairs
passive avoidance retention by selective action at Al receptors.
Brain Res Bull 27: 101-104.

Ohno M, Watanabe S (1996). Working memory failure by
stimulation of hippocampal adenosine Al receptors in rats.
Neuroreport 7: 3013-3016.

Paxinos G, Franklin KBJ (2001). The Mouse Brain in Stereotaxic
Coordinates. Academic Press: London.

Porras-Garcia E, Cendelin J, Dominguez-del-Toro E, Vozeh F,
Delgado-Garcia JM (2005). Purkinje cell loss affects differentially
the execution, acquisition and prepulse inhibition of skeletal and
facial motor responses in Lurcher mice. Eur J Neurosci 21:
979-988.

Rebola N, Lujan R, Cunha RA, Mulle C. (2008). Adenosine A2A
receptors are essential for long-term potentiation of NMDA-
EPSCs at hippocampal mossy fiber synapses. Neuron 57:
121-134.

Rex CS, Kramar EA, Colgin LL, Lin B, Gall CM, Lynch G (2005).
Long-term potentiation is impaired in middle-aged rats: regional
specificity and reversal by adenosine receptor antagonists.
J Neurosci 25: 5956-5966.

Ribeiro JA, Sebastido AM, De Mendong¢a A (2003). Adenosine
receptors in the nervous system: pathophysiological implica-
tions. Prog Neurobiol 68: 377-392.

Sahun I, Delgado-Garcia JM, Amador-Arjona A, Giralt A, Alberch
J, Dierssen M et al (2007). Dissociation between CA3-CAl
synaptic plasticity and associative learning in TgNTRK3
transgenic mice. ] Neurosci 27: 2253-2260.

Sakamoto T, Takatsuki K, Kawahara S, Kirino Y, Niki H, Mishima
M (2005). Role of hippocampal NMDA receptors in trace
eyeblink conditioning. Brain Res 1039: 130-136.

Schwartzkroin PA (1986). Regulation of excitability in hippocam-
pal neurons. In: Isacson RL, Pribram KH (eds). The hippocam-
pus. Plenum: New York. pp 113-136.

Neuropsychopharmacology

NPG.NPP.NPP20098

9



e

Adenosine A, receptor and CA3-CAI synaptic plasticity
BM Fontinha et al

10

Sebastido AM, Ribeiro JA (2000). Fine-tuning neuromodulation by
adenosine. Trends Pharmacol Sci 21: 341-346.

Sekino Y, Ito K, Miyakawa H, Kato H, Kuroda Y (1991). Adenosine
(A2) antagonist inhibits induction of long-term potentiation of
evoked synaptic potentials but not of the population spike in
hippocampal CAl neurons. Biochem Biophys Res Comm 181:
1010-1014.

Suzuki F, Shimada J, Shiozaki S, Ichikawa S, Ishii A, Nakamura ]
et al (1993). Adenosine-Al antagonists. III. Structure-activity
relationship on amelioration against scopolamine or N°-(R-
phenylisopropyl)-adenosine-induced  cognitive  disturbance.
J Med Chem 36: 2508-2518.

Takatsuki K, Kawahara S, Kotani S, Fukunaga S, Mori H, Mishina
M et al (2003). The hippocampus plays an important role in
eyeblink conditioning with a short trace interval in glutamate
receptor subunit delta 2 mutant mice. J Neurosci 77: 164-170.

Tebano MT, Martire A, Potenza RL, Gro C, Pepponi R, Armida M
et al (2008). Adenosine A(2A) receptors are required for normal
BDNF levels and BDNF-induced potentiation of synaptic
transmission in the mouse hippocampus. J Neurochem 104:
279-286.

Tebano MT, Martire A, Rebola N, Pepponi R, Domenici MR, Gro
MC et al (2005). Adenosine A2A receptors and metabotropic
glutamate 5 receptors are co-localized and functionally interact
in the hippocampus: a possible key mechanism in the
modulation of N-methyl-D-aspartate effects. ] Neurochem 95:
1188-1200.

Thompson RF (1988). The neural basis of basic associative
learning of discrete behavioral responses. Trends Neurosci 11:
152-155.

Thomson AM (2000). Facilitation, augmentation and potentiation
at central synapses. Trends Neurosci 23: 305-312.

Neuropsychopharmacology

Tseng W, Guan R, Disterhoft JF, Weiss C (2004). Trace eyeblink
conditioning is hippocampally dependent in mice. Hippocampus
14: 58-65.

Turrigiano GG, Nelson SB (2004). Homeostatic plasticity in the
developing nervous system. Nat Rev Neurosci 5: 97-107.

von Lubitz DKJE, Paul IA, Bartus RT, Jacobson KA (1993). Effects
of chronic administration of adenosine Al receptor agonist and
antagonist on spatial learning and memory. Eur | Pharmacol
249: 271-280.

Wang Y, Haughey NJ, Mattson MP, Furukawa K (2004). Dual
effects of ATP on rat hippocampal synaptic plasticity. Neuro-
report 15: 633-636.

Whitlock JR, Heynen AJ, Shuler MG, Bear MF (2006). Learning
induces long-term potentiation in the hippocampus. Science 313:
1093-1097.

Winsky L, Harvey JA (1986). Retardation of associative learning in
the rabbit by an adenosine analog as measured by classical
conditioning of the nictitating membrane response. J Neurosci 6:
2684-2690.

Woody CD (1986). Understanding the cellular basis of memory
and learning. Annu Rev Psychol 37: 433-493.

Yang M, Soohoo D, Soelaiman S, Kalla R, Zablocki J, Chu N et al
(2007). Characterization of the potency, selectivity, and
pharmacokinetic profile for six adenosine A2A receptor
antagonists. Naunyn Schmiedebergs Arch Pharmacol. 375:
133-144.

Zocchi C, Ongini E, Conti A, Monopoli A, Negretti A, Baraldi PG
et al (1996). The non-xanthine heterocyclic compound SCH
58261 is a new potent and selective A2a adenosine receptor
antagonist. | Pharmacol Exp Ther 27: 398-404.

Zucker RS, Regehr WG (2002). Short-term synaptic plasticity.
Annu Rev Physiol 64: 355-405.

NPG.NPP.NPP20098




	Adenosine A2A Receptor Modulation of Hippocampal CA3-CA1 Synapse Plasticity During Associative Learning in Behaving Mice
	INTRODUCTION
	MATERIALS AND METHODS
	Animals
	Surgery

	Figure 1 Experimental design.
	Recording and Stimulation Procedures
	Classical Conditioning Procedures

	Figure 2 Inputsoloutput curves and paired-pulse stimulation evoked at the CA3-CA1 synapse in controls and in SCH58261-injected mice.
	LTP Induction
	Drugs

	Figure 3 Learning curves and evolution of the synaptic field potential for control and SCH58261-injected groups.
	Data Collection and Analysis

	RESULTS
	EMG and CA3-CA1 Synaptic Field Potentials Recorded in Alert-Behaving Mice
	InputsolOutput Relationships at the CA3-CA1 Synapse in Controls and in SCH58261-Injected Mice

	Figure 4 Evolution of fEPSPs evoked in the pyramidal CA1 area by single-pulse stimulation of Schaffer collaterals before and after HFS.
	Classical Conditioning of Eyelid Responses in Controls and in SCH58261-Injected Mice
	Evolution of CA3-CA1 fEPSP Across Classical Conditioning of Eyelid Responses Controls and in SCH58261-Injected Mice
	Comparison of LTP Evoked in Alert-Behaving Controls and SCH58261-Injected Mice

	DISCUSSION
	Role of Adenosine in Associative Learning and Activity-Dependent Synaptic Plasticity

	DISCLOSUREsolCONFLICT OF INTEREST
	ACKNOWLEDGEMENTS
	REFERENCES




