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The role of adenosine Aj; receptors in synaptic transmission under severe (7 min) and
shorter (2-5min) ischemic conditions, obtained by oxygen and glucose deprivation
(OGD), was investigated in rat hippocampal slices. The effects of selective A; agonists or

antagonists were examined on field excitatory postsynaptic potentials (fEPSPs) extracellu-
larly recorded at the dendritic level of the CA1 pyramidal region. The novel, selective A3

Keywords: antagonist LJ1251 ((2R,3R,4S)-2-(2-chloro-6-(3-iodobenzylamino)-9H-purin-9-yl)tetrahy-
Purines drothiophene-3,4-diol, 0.1-10 nM) protected hippocampal slices from irreversible fEPSP
depression induced by severe OGD and prevented or delayed the appearance of anoxic
depolarization. Similar results were obtained when severe OGD was carried out with a long,
Hippocampal slices receptor-desensitizing exposure to various selective A; agonists: 5-N-methylcarboxami-
Field EPSP doadenosine derivatives Cl-IB-MECA (N°-(3-iodobenzyl)-2-chloro), VT72 (N®-methoxy-2-
Desensitization phenylethynyl), VT158 (N®-methoxy-2-phenylethynyl), VT160 (N°-methoxy-2-(2-pyridi-
nyl)-ethynyl), and VT163 (N®-methoxy-2-p-acetylphenylethynyl) and AR132 (N°-methyl-2-

phenylethynyladenosine).
The selective A; antagonist MRS1523 (3-propyl-6-ethyl-5-[(ethylthio)carbonyl]-2-phenyl-
4-propyl-3-pyridine carboxylate, 100 nM) reduced fEPSP depression evoked by 2-min OGD
and induced a faster recovery of fEPSP amplitude after 5-min OGD. Similar results were
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obtained for 2- or 5-min OGD applied in the presence of each of the A; agonists tested.
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Shorter exposure to A; agonists significantly delayed the recovery of fEPSP amplitude after 5-

min OGD.

This indicates that A; receptors, stimulated by selective A3 agonists, undergo desensitiza-
tion during OGD. It is inferred that CA1 hippocampal A; receptors stimulated by adenosine
released during brief ischemia (2 and 5 min) might exert A;-like protective effects on neuro-
transmission. Severe ischemia would transform the A; receptor-mediated effects from pro-

tective to injurious.

Published by Elsevier Inc.

1. Introduction

Adenosine acts in the brain by activation of four receptor
subtypes, Aj, Aza, Agp, and A, all coupled to their effector
systems through heterotrimeric G proteins [1]. Of the four
adenosine receptor subtypes, the adenosine A receptor is the
most recently cloned [2]. A; receptors have a widespread
distribution in the rat brain [3] and in the hippocampus are
preferentially expressed on nerve terminals [4,5]. The expres-
sion of Aj receptors in the brain is lower than that of other
adenosine receptor subtypes [6], and the affinity for adeno-
sine, calculated from binding experiments in rat brain
membranes (6.5 uM [2]), is lower than that of A; [7] and Aja
[8] receptors. However, during ischemic conditions in vivo [9]
and in vitro [10] adenosine extracellular concentrations may be
sufficiently high to activate adenosine Aj receptors, which
may play a role in brain ischemia (see Refs. [11,12]).

We recently demonstrated that selective antagonism of Az
receptors facilitates the recovery of synaptic activity induced
by ischemic preconditioning in rat hippocampal slices [13]. A
harmful role of A; receptors during in vitro oxygen-glucose
deprivation (OGD) was confirmed by the observation that
blocking the A; adenosine receptor consistently abolishes or
delays the occurrence of anoxic depolarization (AD) and
significantly protects from the irreversible disruption of
excitatory neurotransmission caused by a severe ischemic
episode [14]. These results agree with the observation that
acute administration of a selective adenosine A; agonist
exacerbates the damage elicited by global ischemia in the
gerbil [15]. On the contrary, it was demonstrated that chronic
preischemic administration of an A; agonist protects against
ischemic neuronal damage [15]. This effect may be attribu-
table to desensitization of A; receptors. In fact, both human
and rat A; receptors are desensitized within a few minutes
after agonist exposure [16-21].

Contrary to the above information, Hentschel et al. [22]
demonstrated that under hypoxic conditions, selective activa-
tion of A; adenosine receptors brings about an inhibition of
excitatory neurotransmission on cortical neurons, indicating
that A; receptors may sustain the neuroprotective action of
adenosine induced by A; receptors. Consistently with these
reports, mice lacking A; adenosine receptors showed
increased neurodegeneration in response to repeated epi-
sodes of moderate hypoxia [23] or an increase in cerebral
infarction after transient ligation of the middle cerebral artery
[24]. Together, these data suggest that the outcome of Aj;
receptor stimulation on synaptic transmission during
hypoxic/ischemic phenomena depends on the intensity and
duration of stimulation.

In the present work, we investigated the role of adenosine A,
receptors during ischemia by studying the effect of As-selective
agonists and antagonists under both prolonged (7-min) and
brief (2- and 5-min) OGD episodes. Prolonged, severe episodes of
OGD bring about the irreversible depression of neurotransmis-
sion and the appearance of AD [14,25], a phenomenon strictly
correlated with the extent of brain damage during ischemia
both in vivo and in vitro [26]. Brief periods of ischemia are
followed by complete recovery of neurotransmission and imply
shorter times of A; receptor stimulation by endogenous
adenosine released during the ischemic episode [10,13,27,28].

2. Materials and methods

All animal procedures were carried out according to the
European Community Guidelines for Animal Care, DL 116/92,
application of the European Communities Council Directive
(86/609/EEC). Experiments were carried out on rat hippocam-
pal slices, prepared as previously described in Ref. [13].

2.1.  Slice preparation

Male Wistar rats (Harlan Italy, Udine, Italy; 150-200 g body
weight) were killed with a guillotine while under anesthesia
with ether, and their hippocampi were rapidly removed and
placed in ice-cold oxygenated (95% O,, 5% CO,) artificial
cerebral spinal fluid (aCSF) of the following composition (mM):
NaCl 124, KClI 3.33, KH,PO,4 1.25, MgS0, 2, CaCl, 2, NaHCO; 25,
and p-glucose 10. Slices (400 pm thick) were cut with a
MclIlwain tissue chopper (Mickle Laboratory Engineering Co.
Ltd., Gomshall, UK) and kept in oxygenated aCSF for at least
1h at room temperature. A single slice was then placed on
nylon mesh, completely submerged in a small chamber
(0.8 ml), and superfused with oxygenated aCSF (30-32 °C) at
a constant flow rate of 2mlmin~’. The treated solutions
reached the preparation in 90 s and this delay was taken into
account in our calculations.

2.2 Extracellular recording

Test pulses (80 ws, 0.066 Hz) were delivered through a bipolar
nichrome electrode positioned in the stratum radiatum. Evoked
extracellular potentials were recorded with glass microelec-
trodes (2-10MQ, Clark Electromedical Instruments, Pan-
ghourne, UK) filled with 150 mM NacCl and placed in the CA1
region of the stratum radiatum. Responses were amplified (BM
622, Mangoni, Pisa, Italy), digitized (sample rate, 33.33 kHz), and
stored for later analysis with LTP (Version 2.30D) Program [29].



770 BIOCHEMICAL PHARMACOLOGY 74 (2007) 768-779

Stimulus-response curves were obtained by gradual increases
in stimulus strength at the beginning of each experiment, when
a stable baseline of evoked response was reached. The test
stimulus pulse was then adjusted to produce a field excitatory
postsynaptic potential (fEPSP) whose slope and amplitude was
40-50% of the maximum and was kept constant throughout the
experiment. The fEPSP amplitude was routinely measured and
expressed as the percentage of the average amplitude of the
potentials measured during the 5 min preceding exposure of
the hippocampal slices to OGD. In some experiments both the
amplitude and initial fEPSP slope were quantified, but because
no appreciable differences between these two parameters were
observed in drug effect and OGD, only the amplitude measure-
ment is expressed in the figures.

2.3.  Application of drugs and OGD

OGD was achieved by perfusing the slice for different times -
brief (2 or 5min) or prolonged (7 min) — with aCSF lacking
glucose and gassed with nitrogen (95% N,, 5% CO,) [30]. This
caused a drop in pO, in the recording chamber from
~500 mmHg (normoxia) to a range of 120-150 mmHg (after
2-min OGD) and of 35-75mmHg (after 7-min OGD) [13],
measured with an ISO2 and its associated OXEL-1 probe (WPI,
Aston, UK). At the end of the ischemic period, the slice was
again superfused with normal, glucose-containing, oxyge-
nated aCSF. In Section 3 and figures, the term “untreated OGD

slices” referred to hippocampal slices in which OGD episodes
of different duration were applied in the absence of drugs.

Areaunder curve (AUC) analysis was conducted to evaluate
the effects of various A; agonists or A; antagonists during 5-
min OGD. Because 5-min OGD elicited a complete depression
of synaptic activity in both the absence and the presence of A;
ligands, the AUC was measured and expressed as time (min),
calculated from the beginning of fEPSP depression during OGD
up to the recovery of fEPSP at baseline.

The selective A; adenosine receptor antagonists LJ1251
((2R,3R,4S)-2-(2-chloro-6-(3-iodobenzylamino)-9H-purin-9-
yl)tetrahydrothiophene-3,4-diol) and MRS1523 (3-propyl-6-
ethyl-5-[(ethylthio)carbonyl]-2-phenyl-4-propyl-3-pyridine
carboxylate), were applied for 10 min before and during OGD
and 5 min after the ischemic episode. Concentrations of the
selective adenosine A; receptor antagonists were chosen on
the basis of K; values at the rat and human Aj receptors [31-33].
The binding affinities of LJ1251 at the human and rat
adenosine receptors are shown in Table 1. Unlike MRS1523,
which was effective at submicromolar concentrations on rat
Aj; receptors, LJ1251 was effective at nanomolar concentra-
tions on both human and rat A; receptors.

The selective adenosine Az receptor agonists Cl-IB-MECA (1-
[2-chloro-6[[(3-iodophenyl)methyl]amino]-9H-purin-9-yl]-1-
deoxy-N-methyl-R-p-ribofuranuronamide) [34], AR132 (N°-
methyl-2-phenylethynyladenosine), VT72 (N®-methoxy-2-phe-
nylethynyladenosine), VT158 (N®-methoxy-2-phenylethynyl-

Table 1 - Binding affinities of adenosine agonists and antagonists at three subtypes of ARs (human, unless noted; r = rat)?

Compound Affinity (K; + S.E.M., nM)
A Agp A
Agonists
Cl-IB-MECA 222 + 22; 820 (1) 5360 + 2470; 470 (1) 1.4+0.3; 0.33 (1)
AR132 1690 8530 3.4
VT72 1210 4290 3.8
VT158 9140 16,300 1.9
VT160 3990 18,000 1.1
VT163 53,800 10,400 2.5
Antagonists
MRS1523 15,600 (r) 2050 (r) 18.9
113 (r)
LJ1251 2490 + 940 341+ 75 4.16 + 0.50; 3.89 + 1.15 (1)
ZM241385 774 1.6 743
Nucleoside structures are shown:
NHR NHOCH3;
NHCH3 NHCH3 /
\
N;I C6H54|\ > >
Cl—k Cl—l\
HO CH3NH—CO
CHaNH— C\(d , 0.
— HO OH HO OH
HO OH HO OH R = CHgz, AR132 R = CgHs, VT158
Cl-IB-MECA LJ1251 R =OCHj;, VT72 R = 2-pyridinyl, VT160

# K; values were obtained from Refs. [32,33,35-39].

R = p-CgH,COCHg, VT163
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5'-N-methylcarboxamidoadenosine), VT160 (N°-methoxy-2-(2-
pyridinyl)-ethynyl-5'-N-methylcarboxamidoadenosine), and
VT163 (N°-methoxy-2-p-acetylphenylethynyl-5'-N-methylcar-
boxamidoadenosine) were each applied 5 min before, during,
and 2 min after OGD (long application) or for only 2 min during
OGD (short application). Cl-IB-MECA has been described as a
highly selective agonist for both human and rat A; adenosine
receptors versus A; and Ay, receptors (Table 1) [32,35]. When Cl-
IB-MECA and the A; antagonist MRS1523 were coapplied, the
antagonist was always superfused 5 min before combining the
two drugs. K; values for the A; agonists AR132, VT72, VT158,
VT160, and VT163 (synthesized at the University of Camerino,
Italy, and shown in Table 1) were taken from binding
experiments in Chinese hamster ovary (CHO) cells stably
transfected with human recombinant adenosine receptors.
The compounds have been reported to be highly selective for
human A; adenosine receptors versus human A, receptors and
Ay receptors [36-39].

When slices were subjected to 7 min of OGD, if the recovery
of fEPSP amplitude after 15 min of reperfusion with glucose-
containing and normally oxygenated aCSF was <15% of the
preischemic value, a second slice from the same rat was
submitted to a 7-min OGD insult in the presence of the A;
agonists or antagonists under investigation. To confirm the
result obtained in the treated group, a third slice was taken
from the same rat and another 7-min OGD was performed in
control conditions, to verify that no difference between slices
was caused by the time gap between the experiments.

2.4. Drugs

MRS1523 was purchased from Sigma (Milan, Italy). Cl-IB-MECA
was from Tocris (Bristol, UK). The novel antagonist LJ1251,
structurally based on a truncated nucleoside template, was
synthesized by L.S. Jeong, Ewha University, Seoul, Korea.
AR132, VT72, VT158, VT160, and VT163 were provided by G.
Cristalli, University of Camerino, Italy. Each drug was
dissolved in dimethylsulfoxide (DMSO), and stock solutions
were made to obtain concentrations in DMSO of 0.05 and 0.1%
in aCSF, respectively. Control experiments, carried out in
parallel, showed that this concentration of DMSO did not
affect either fEPSP amplitude before OGD or the depression of
synaptic potential induced by the subsequent OGD.

2.5.  Statistical analysis

Data were analyzed with Prism 3.02 software (GraphPad
Software, San Diego, CA, USA). All numerical data are
expressed as the mean + S.E.M. Data were tested for statistical
significance with the paired two-tailed Student’s t-test or by
analysis of variance (one-way ANOVA), as appropriate. When
significant differences were observed, the Newman-Keuls
multiple-comparison test (one-way ANOVA) was used. A value
of P < 0.05 was considered significant.

3. Results

The role of A; adenosine receptors in synaptic transmission,
either in normoxic conditions or during OGD episodes of

different durations, was studied through extracellular record-
ings of fEPSPs in the CA1 region of rat hippocampal slices.
Experiments were performed on a total of 208 slices taken
from 121 rats.

3.1.  The selective blocking of As receptors by Lj1251 or
MRS 1523 protected hippocampal slices from irreversible
depression of fEPSP induced by 7-min OGD

The data in Fig. 1B show that 7-min OGD was a duration of
ischemic insult that induced an irreversible loss of hippo-
campal synaptic transmission and that both selective A;
adenosine receptor antagonists, the novel nucleoside deriva-
tive LJ1251 and the pyridine derivative MRS1523, were able to
prevent this loss. LJ1251 (10 nM, n =5) did not change fEPSP
amplitude under normoxic conditions (from 0.92 + 0.1 mV in
the absence to 0.94 + 0.1 mV in the presence of the antago-
nist). However, it induced a significant recovery of fEPSP
amplitude of 96.0 +3.3% (n=5; P <0.001, one-way ANOVA,
Newman-Keuls multiple-comparison post hoc test) in com-
parison to that obtained in untreated OGD slices (4.1 + 1.6%,
n=13). Similar results were obtained in the presence of
MRS1523. MRS1523 (100nM, n=5) did not change fEPSP
amplitude under normoxic conditions (from 0.94 + 0.06 mV
in the absence to 0.92+0.07mV in the presence of the
antagonist) but after 7-min OGD elicited a fEPSP recovery of
99.3 £5.9% (n=5; P < 0.001, one-way ANOVA, Newman-Keuls
multiple-comparison post hoc test versus untreated OGD
slices). Fig. 1A (left panel) shows that 7-min OGD episodes
always caused AD, recorded as negative dc shifts, with a mean
peak latency of 6.6 + 0.2 min from the beginning of ischemia
and a peak amplitude of 7.5 + 0.7 mV (n = 5). The duration of dc
shifts was variable (range: 5-15 min) and was always accom-
panied by complete and irreversible disappearance of fEPSPs
(Fig. 1B). In the presence of LJ1251 (10 nM, n = 5), AD was absent
in all slices recorded (Fig. 1A, middle panel). Similarly, during
7-min OGD no AD appearance was recorded in the presence of
MRS1523 (100 nM, n = 5, Fig. 1A, right panel). These results are
in agreement with our previous results showing that MRS1523
and several chemically diverse A; receptor antagonists
prevented the irreversible failure of neurotransmission
induced by 7-min OGD and induced a complete abolishment
or delay of AD [14]. The protective effect of LJ1251 against OGD-
evoked irreversible depression of fEPSPs was concentration-
dependent (Fig. 1C), with an apparent ECs, value of 0.037 nM
(95% confidence interval (CI) 0.026-0.053 nM).

3.2.  Selective A3 adenosine receptor agonist Cl-IB-MECA
also protects from the irreversible depression of
neurotransmission induced by 7-min OGD

The effects of 10 nM Cl-IB-MECA on fEPSP amplitude before
and after 7-min OGD are shown in Fig. 2. Seven-minute OGD
induced an irreversible block of neurotransmission, as
indicated by the absence of fEPSP amplitude recovery
(4.2 + 3.3%, n = 16) when the slices were superfused in normal
oxygenated aCSF. In eight slices in which we also measured
the appearance of AD, 7-min OGD episodes always caused AD,
with a mean peak latency of 5.7 + 0.3 min from the beginning
of OGD and a peak amplitude of 7.1+ 0.5 mV (n =8, Fig. 2A).
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Fig. 1 - The selective A; adenosine receptor antagonists, LJ1251 and MRS1523, minimized AD and protected CA1
hippocampus from irreversible fEPSP depression induced by 7-min OGD. (A) AD, was recorded as the negative dc shift in
response to 7-min OGD (solid bar) in the absence (n = 13, left panel), and in the presence of 10 nM LJ1251 (open bar, n=5,
middle panel) or 100 nM MRS1523 (open bar, n = 5, right panel). Note that both the A; antagonists LJ1251 and MRS1583
completely prevented AD appearance. (B) Graphs show the time course of 7-min OGD (solid bar) effect on fEPSP amplitude,
expressed as percentage of baseline, in untreated OGD slices (filled circles, mean + S.E.M., n = 13), in the presence of 10 nM
LJ1251 (open circles, mean + S.E.M., n =5) and 100 nM MRS1523 (filled triangles, mean =+ S.E.M., n = 5). Solid bars indicate
the duration of OGD. (C) Concentration-response curves of LJ1251. The graph shows the fitting curve of concentration-
dependent effects of LJ1251 on fEPSP recovery after 7-min OGD recorded in hippocampal slices at 15-min reperfusion in
normal, oxygenated aCSF. Data (mean + S.E.M., n=3in 0.001 nMLJ1251,n=3in 0.01nM,n=3in 0.1nM,n=4in5nM,n=5
in 10 nM) are expressed as percentage of baseline values. *P < 0.01, one-way ANOVA, Newman-Keuls multiple-comparison

post hoc test, vs. 0.001 and 0.01 nM LJ1251-treated slices.

CI-IB-MECA (10 nM, 5 min before, during, and 2 min after OGD)
did not modify fEPSP amplitude under normoxic conditions
(from 1.02 £ 0.12 mV in the absence and 1.02 &+ 0.14 mV in the
presence of the Az agonist, n=15) but induced a significant
fEPSP recovery after 7-min OGD (81.5 + 10.5%, P < 0.001, one-
way ANOVA, Newman-Keuls multiple-comparison post hoc
test versus untreated OGD slices, n=15, Fig. 2B). AD was
absent in five slices out of eight tested, and it was significantly
delayed in the remaining three slices (peak latency of
7.8 £ 0.2 min, peak amplitude 6.6 & 2.2, Fig. 2A). Similar effects
on fEPSP recovery were obtained by using different As
agonists: AR132 (10nM, n=5), VI72 (10nM, n=38), VT158
(5nM, n=3), VT160 (5nM, n=4), and VT163 (5nM, n=3,
Fig. 2C). No changes in fEPSP amplitude were observed during
the 5 min of drug superfusion before OGD application (from
0.83+0.06 mV in the absence to 0.82+0.07mV in the

presence of AR132; from 0.81 +0.06 mV in the absence to
0.78 £ 0.07 mV in the presence of VT72; from 0.80 + 0.10 mV in
the absence to 0.81 + 0.10 mV in the presence of VT158; from
0.92+0.11mV in the absence to 0.92+0.11mV in the
presence of VT160; from 0.82 +0.04 mV in the absence to
0.80 + 0.05 mV in the presence of VT163). In addition, all the A;
agonists tested prevented or significantly delayed AD after 7-
min OGD (not shown).

In a different experimental protocol, 10 nM Cl-IB-MECA
was superfused for 15 min and up to 20 min before application
of 7-min OGD. As shown in Fig. 2D, 10 nM Cl-IB-MECA did not
change the fEPSP amplitude under normoxia (from
0.90 + 0.09 mV before to 0.95 + 0.10 in the presence of Cl-IB-
MECA, n = 3), but allowed a significant fEPSP recovery after 7-
min OGD (103.0 & 3.6%, n = 3, versus 4.1 + 3.6%, n = 3, recorded
in non-pretreated Cl-IB-MECA slices).
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Fig. 2 - The selective A; adenosine agonist Cl-IB-MECA protects hippocampal slices from the irreversible fEPSP depression
induced by 7-min OGD. (A) AD was recorded as the negative dc shift in response to 7-min OGD (solid bars) in the absence
(n = 8) and in the presence of 10 nM CI-IB-MECA (open bar, n = 8). The agonist prevented AD appearance in five slices and
delayed it in the remaining three slices. (B) Time course of fEPSP amplitude before, during 7-min OGD, and after reperfusion
in normal oxygenated aCSF in the absence and in the presence of 10 nM Cl-IB-MECA (open bar). Data (mean + S.E.M., n = 16
in untreated OGD slices, n = 15 in Cl-IB-MECA) are expressed as percentage of baseline values. Cl-IB-MECA was applied

5 min before, during, and 2 min after OGD. (C) Columns in the graph summarize the effects of different A; agonists on fEPSP
recovery after 7-min OGD. *P < 0.05, one-way ANOVA followed by Newman-Keuls multiple-comparison post hoc test vs.
untreated OGD slices (D) Each graph shows the time course of fEPSP amplitude before anf after 7-min OGD. Data

(mean *+ S.E.M., n = 3 for each experimental group) are expressed as percentage of baseline values. Note that in a group of
slices OGD was applied 20 min after the end of Cl-IB-MECA superfusion (open bar, 10 nM, 15 min). A complete recovery of
fEPSP amplitude was obtained only in the slices in which OGD was applied after Cl-IB-MECA application. Solid bars indicate
the duration of OGD.

3.3.  Selective block of Az adenosine receptors by MRS1523 depression (66.4 = 6.2%) of fEPSP amplitude, with the same
reduces fEPSP depression evoked by 2-min OGD and induces a time course. No significant differences were found by
faster recovery of fEPSP amplitude after 5-min OGD comparing synaptic potential amplitude at any time during
the first and second OGD (Fig. 3A). Therefore, the effect of the

The data in Fig. 3 show that periods of 2- or 5-min OGD As-selective antagonist MRS1523 on fEPSPs was evaluated
induced, respectively, a partial or complete reduction of before and during the second period of 2-min OGD in
synaptic potential amplitude that was always reversible upon comparison with the first OGD insult (Fig. 3B). MRS1523
reperfusion with normal oxygenated aCSF. These results are (100 nM, n = 10) applied 10 min before, during, and 5 min after
in agreement with our previous studies [13,27,28]. OGD did not modify fEPSP amplitude in normoxic conditions
The application of 2-min OGD resulted in a partial but (from 0.90 £0.04 mV in the absence to 0.92 +£0.04 in the
consistent depression of synaptic potentials, reaching a presence of MRS1523) but significantly inhibited fEPSP
maximal inhibition of 76.3 £4.2% (n=13, P <0.001, paired amplitude depression evoked by 2-min OGD (74.1+6.1% in
two-tailed Student’s t-test versus preischemic baseline) a few the absence and 34.3 & 10.0% in the presence of the antago-
seconds after reperfusion with normal oxygenated aCSF nist, P < 0.05, paired two-tailed Student’s t-test, Fig. 3B). The

(Fig. 3A). After 2min of reperfusion in normal, glucose- effect of 100 nM MRS1523 was maximal, because the increase
containing aCSF, fEPSPs progressively reappeared and reached of the antagonist concentration to 1 pM did not potentiate the
a complete recovery within 5min after the beginning of effect (n = 3, data not shown).

reperfusion. The application of a second period of 2-min OGD, Application of 5-min OGD resulted in a complete depres-

40 min after the end of the first one, resulted in a similar sion of synaptic potentials, reaching a maximal inhibition
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Fig. 3 — The selective A; adenosine receptor antagonist
MRS1523 reduces fEPSP depression induced by 2-min OGD
and induced a faster recovery of fEPSP amplitude after 5-
min OGD. (A) Time course of fEPSP amplitude before,
during, and after the application of two consecutive
ischemic insults of 2-min duration. The second 2-min
OGD, administered 40 min after the end of the first period,
elicited a comparable depression of synaptic potentials

(P > 0.05, evaluated by t-paired two-tailed Student’s t-test).
Data (mean * S.E.M., n = 13) are expressed as a percentage
of baseline values recorded before the first OGD period. (B)
Time course of fEPSP amplitude changes elicited by 2-min
OGD in the absence and in the presence of MRS1523. Data
(mean * S.E.M., n = 10) are expressed as a percentage of
baseline values. MRS1523 (100 nM) was applied 10 min
before, during, and 5 min after OGD, as indicated by the
open bar. Note that in the presence of MRS1523, the fEPSP
depression induced by OGD was significantly lower than
that obtained in the absence of the drug (P < 0.05, paired
two-tailed Student’s t-test). (C) Time course of fEPSP
amplitude changes elicited by 5-min OGD in the absence
(n=12) and in the presence of MRS1523 (n = 7). Data

~4 min after OGD application (n = 12, Fig. 3C). After 3.5 min of
reperfusion in normal, glucose-containing aCSF, fEPSPs
progressively reappeared and reached a complete recovery
within 10 min from the beginning of reperfusion. Because it
has been demonstrated that a second 5-min OGD episode,
50 min after the end of the first one, is followed by an
appreciably faster recovery of fEPSPs [27], the effect of the
selective A; antagonist was studied in a separate group of
slices. MRS1523 (100 nM, n=7) was applied 10 min before,
during, and 5 min after OGD application. The A; antagonist did
not modify fEPSP amplitude in normoxic conditions (from
0.9 + 0.04 mV in the absence to 1.0 £ 0.04 in the presence of
100 nM MRS1523) but induced a faster fEPSP recovery (AUC:
10.1 £ 0.5 min in untreated OGD slices and 7.1 + 0.7 min in the
presence of the antagonist, P < 0.05, one-way ANOVA, New-
man-Keuls multiple-comparison post hoc test), measured
from the beginning of fEPSP depression during OGD up to the
recovery of fEPSP at baseline (Fig. 3C).

3.4.  Selective stimulation of adenosine A3 receptors by a
long application of CI-IB-MECA reduces fEPSP depression
evoked by 2-min OGD and induces a faster recovery of fEPSP
amplitude after 5-min OGD

The effect of Cl-IB-MECA (10 nM) on fEPSP amplitude after 2-
min OGD is shown in Fig. 4A. The selective A; agonist did not
affect the amplitude of fEPSPs under normoxic conditions
(from 0.93 + 0.07 mV in the absence to 0.96 &+ 0.07 mV in the
presence of Cl-IB-MECA, n=13), but induced a significant
decrease in fEPSP depression evoked by 2-min OGD (fEPSP
depression of 72.5+4.5% in control and 39.5 +7.1% in the
presence of the agonist, n=13, P <0.05, paired two-tailed
Student’s t-test). The effect of 10 nM Cl-IB-MECA was max-
imal, because the increase of the agonist concentration to
100 nM did not potentiate the effect (75.1 & 7.3% in control and
41.2 £ 10.0% in the presence of the agonist, n=6, P <0.05,
paired two-tailed Student’s t-test, data not shown). The effect
of 10 nM CI-IB-MECA was not antagonized by the selective
Ay, receptor antagonist 4-(2-[7-amino-2-(2-furyl)(1,2,4)tria-
zolo(2,3-a)(1,3,5,)triazin-5-ylamino]ethyl)phenol (ZM241385),
superfused 15 min before Cl-IB-MECA and then coapplied
with Cl-IB-MECA (73.4 £+ 9.1% in the absence and 38.0 + 14.2%
in the presence of 100 nM ZM241385 in combination with Cl-
IB-MECA, n = 3, data not shown).

The effect of 10 nM CI-IB-MECA during 5-min OGD is shown
in Fig. 4B. Cl-IB-MECA did not change the fEPSP time course
before (from 1.0 £ 0.06 mV in the absence to 1.1 4+ 0.07 in the
presence of Cl-IB-MECA) and during OGD but reduced the time
of fEPSP recovery (AUC: 9.5 + 0.6 min in untreated OGD slices,
n =10, and 7.7 + 0.6 min in the presence of the agonist, n=6,
P < 0.05, one-way ANOVA, Newman-Keuls multiple-compar-
ison post hoc test).

(mean * S.E.M.) are expressed as a percentage of baseline
values recorded before the respective OGD periods.
MRS1523 (100 nM), applied 10 min before, during, and

5 min after OGD application induced a faster fEPSP
recovery after OGD application. Solid bars indicate the
duration of OGD.
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Fig. 4C and D show the effect of coapplication of Cl-IB- different from those observed in the presence of either
MECA and MRS1523 on 2- and 5-min OGD, respectively. The MRS1523 alone (Fig. 3C) or Cl-IB-MECA alone (Fig. 4B). The
antagonist was always superfused 5 min before the agonist. coapplication of the two drugs, MRS1523 and CI-IB-MECA, did
The effect of the coapplication of the two drugs on fEPSP not change the fEPSP amplitude under normoxic conditions
depression induced by 2-min OGD (81.0 + 3.3% in the absence (from 0.92 +0.03 mV in the absence to 0.94 +0.04 mV in the
and 32.3+11.5% in the presence of the two drugs, n=7, presence of the two drugs, n = 13).

P < 0.05, paired two-tailed Student’s t-test, Fig. 4C) was not

significantly different from those observed in the presence 3.5.  Selective stimulation of adenosine As receptors by a
either of MRS1523 alone (Fig. 3B) or Cl-IB-MECA alone (Fig. 4A). short application of Cl-IB-MECA did not affect fEPSP
Similarly, the effect induced by the coapplication of the two depression evoked by 2-min OGD and delayed the recovery of
drugs on the time of fEPSP recovery after 5-min OGD (AUC:  fEPSP amplitude after 5-min OGD

10.6 £ 1 min in untreated OGD slices, n = 8 and 7.8 & 0.5 in the

presence of the two drugs, n=6, P < 0.05, one-way ANOVA, Because it has been demonstrated that A; adenosine receptors
Newman-Keuls multiple-comparison post hoc test) was not undergo a rapid desensitization that is more evident and
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Fig. 4 - The selective A; adenosine receptor agonist Cl-IB-MECA decreased fEPSP depression induced by 2-min OGD and
induced a faster recovery of fEPSP amplitude after 5-min OGD. (A) Time-course of fEPSP amplitude changes elicited by
2-min OGD in the absence and in the presence of Cl-IB-MECA (10 nM, n = 13). Data (mean * S.E.M.) are expressed as a
percentage of respective baseline values recorded before the respective OGD periods. The solid bar indicates the duration of
OGD. As indicated by the open bar, the A; agonist was applied 5 min before, during, and 2 min after OGD. Note that in the
presence of Cl-IB-MECA, the fEPSP depression induced by 2-min OGD was significantly lower than that obtained in the
absence of the drug (P < 0.05, paired two-tailed Student’s t-test). (B) Time course of fEPSP amplitude changes elicited by

5 min OGD in the absence (n = 10) and presence of Cl-IB-MECA (10 nM, n = 6). Data (mean *+ S.E.M.) are expressed as a
percentage of baseline values recorded before the respective OGD periods. The A3 agonist, applied 5 min before, during, and
2 min after OGD (open bar) induced a faster fEPSP recovery after 5 min OGD. (C) Time course of fEPSP amplitude changes
elicited by 2-min OGD in the absence and presence of Cl-IB-MECA (10 nM) in combination with MRS1523 (100 nM). The
antagonist was always superfused 5 min before the agonist, coapplied with the agonist 5 min before, during, and 2 min
after OGD, and then superfused alone for 3 min. Data (mean *+ S.E.M., n = 7) are expressed as a percentage of the respective
baseline values. Note that in the presence of Cl-IB-MECA and MRS1523, the fEPSP depression induced by 2-min OGD was
significantly lower than (P < 0.05, paired two-tailed Student’s t-test) that obtained in the absence of the drugs. (D) Time
course of fEPSP amplitude changes elicited by 5 min OGD in the absence (n = 8) and presence of Cl-IB-MECA (10 nM) in
combination with MRS1523 (100 nM) (n = 6). As indicated by open bars, the antagonist was always superfused 5 min before
the agonist, coapplied with the agonist 5 min before, during and 2-min after OGD, and then superfused alone for 3 min.
Data (mean + S.E.M.) are expressed as a percentage of respective baseline values. Solid bars indicate the duration of OGD.
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Fig. 5 - Short application CI-IB-MECA did not modify fEPSP
depression induced by 2-min OGD, but it significantly
delays fEPSP recovery after 5-min OGD. (A) Time course of
fEPSP amplitude changes elicited by 2-min OGD in the
absence and in the presence of Cl-IB-MECA (10 nM, n = 7).
Data (mean =+ S.E.M.) are expressed as a percentage of
respective baseline values recorded before the respective
OGD periods. As indicated by the open bar, the Az agonist
was applied for only 2 min, during OGD. Note that short
application of Cl-IB-MECA did not induce significant
change (P > 0.05, paired two-tailed Student’s t-test) in the
fEPSP depression induced by 2-min OGD. (B) Time course
of fEPSP amplitude changes elicited by 5-min OGD in the
absence (n = 20) and in the presence of Cl-IB-MECA (10 nM,
n = 10). Data (mean + S.E.M.) are expressed as a
percentage of respective baseline values recorded before
the respective OGD periods. As indicated by the open bar,
the A; agonist was applied only for 2 min, at the end of 5-
min OGD episodes. Note that short application of Cl-IB-
MECA delayed fEPSP recovery after 5 min OGD. (C)
Columns in the graph summarize the average time of
fEPSP amplitude recovery (mean + S.E.M.) after 5-min OGD

persistent when the agonist is applied for long periods [20], we
chose to examine a different protocol, shortening the time of
Cl-IB-MECA application. As shown in Fig. 5A, Cl-IB-MECA
(10 nM), applied only during the 2 min of OGD application, did
not modify the outcome of fEPSP depression induced by 2-min
OGD from that obtained in the absence of drug (51.6 + 7.7% in
the absence and 55.6 + 11.8% in the presence of Cl-IB-MECA,
n=7). The data in Fig. 5B show that when Cl-IB-MECA was
applied for 2min at the end of an OGD episode of 5-min
duration, it significantly delayed the time of fEPSP recovery
(AUC: 9.7+ 0.4 min in untreated OGD slices, n=20, and
12.1 £ 0.7 min in the presence of the agonist, n=10, P < 0.05,
one-way ANOVA, Newman-Keuls multiple-comparison post
hoc test). Similar results were obtained with short application
of different A; agonists: AR132 (10 nM, n = 3), VT158 (5nM,
n=2), and VT160 (5 nM, n = 2, data not shown). A summary of
short and long application of Cl-IB-MECA during 5-min OGD is
illustrated in Fig. 5C.

4, Discussion

Our results indicate that A; adenosine receptors play a role in
neurotransmission of the CA1 region of the rat hippocampus
during ischemia. A; adenosine receptor antagonists facilitate
the recovery of otherwise disrupted neurotransmission after a
period of prolonged OGD, and during short periods of OGD
they decrease the depression of neurotransmission brought
about by OGD. Selective stimulation of A; receptors, before
and during an ischemic episode, produces changes in synaptic
activity similar to those observed following their selective
antagonism, indicating that A; receptors undergo rapid
desensitization following exposure to exogenous agonist.
The application of prolonged (7-min) OGD elicited a
complete and irreversible depression of neurotransmission,
which persists upon slice reperfusion with oxygenated and
glucose-containing aCSF and is accompanied by the appear-
ance of AD, an unequivocal sign of neuronal injury during
ischemia [26]. Here we report that two selective Az receptor
antagonists, the newly synthesized LJ1251 [33] and MRS1523
share an equal effect. Both drugs in fact block the occurrence
of AD and significantly protect from the irreversible disruption
of excitatory neurotransmission caused by prolonged, severe
(7-min) OGD episodes. These results are consistent with those
obtained in the same brain region when different A,
antagonists were used [14]. LJ1251 and MRS 1523 possess
selectivity for the rat A; receptors (K; = 3.89 nM [33] and 113 nM
[31], respectively). The apparent discrepancy between the ECsq
value of LJ1251 (0.037 nM) found in our experiments and the
binding K; value of the compound, might depend on the
specific environment and coupling of A; receptors in the cell
membrane of native tissue and may differ from that assessed

in untreated OGD slices and during long or short
application of Cl-IB-MECA. *P < 0.05, one-way ANOVA
followed by Newman-Keuls multiple-comparison post hoc
test vs. untreated OGD slices; § P < 0.05, one-way ANOVA
followed by Newman-Keuls multiple-comparison post hoc
test vs. all experimental groups. Solid bars indicate the
duration of OGD.
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in receptor binding experiments. Alternatively, the paucity of
Aj; receptors in native tissue [6] allows one to speculate that
occupancy of a substantial fraction of A receptors is required
for evoking cell response(s). Thus, blocking a relatively small
fraction of A; receptors may be sufficient to antagonize the
effect of endogenous adenosine released during OGD. Altera-
tions in AD characteristics caused by A; antagonists may be
attributable to their actions on glutamate-mediated cellular
responses. The time window of Az receptor-mediated effects
found in the present work and reported by Pugliese et al. [14]
overlaps with the delay that can be obtained by treating the
slices with glutamate receptor antagonists [25,40,41]. NMDA
receptors are essential to AD initiation and propagation [26].
Block of Aj; receptors, in removing Az receptor-mediated
impairment of the feedback inhibition of glutamate release
exerted by specific metabotropic glutamate receptor subtypes
[42], may reduce the participation of glutamate in triggering
the AD.

Unlike the A; antagonists, the selective A; receptor
antagonist DPCPX impairs the recovery of synaptic potentials
after a hypoxic insult [43]. In rats in vivo the nonselective
adenosine receptor antagonist theophylline increases the
incidence of spreading depression, the analogue of AD in
normoxic conditions, and decreases the latency of spreading-
depression occurrence elicited by microdialysis of high K*
perfusate through the hippocampal CA1 area [44]. Moreover, it
has been demonstrated that the block of A; receptors by
theophylline or CPT (8-cyclopentyl-1,3-dimethylxanthine)
shortens the onset of AD evoked by hypoxia in the CAl region
of gerbil hippocampal slices [45]. Therefore, during a pro-
longed severe OGD insult, the roles of A; and Aj receptors
drastically diverge. On the whole, the data support the well-
established neuroprotective role of A; receptors [9,12,41] and
confirm an opposite, deleterious, role of A; receptors during
prolonged ischemia [14].

We then demonstrated that the block of A; receptors by the
selective Az receptor antagonist MRS1523 reduces fEPSP
inhibition caused by 2-min OGD and induces a faster recovery
of fEPSP amplitude after 5-min OGD application. Unlike
prolonged (7-min) OGD, depression of synaptic responses
caused by OGD episodes of short duration (2 or 5 min) is fully
reversible [13,27,28] and is not sufficient to trigger AD. The
decrease in fEPSP depression or the faster recovery of fEPSP
amplitude during the selective block of A; receptors indicates
an inhibitory role of Az receptors on synaptic transmission
during brief OGD. We previously demonstrated that depres-
sion of synaptic potentials during 2- or 5-min OGD is almost
completely antagonized in the presence of the selective A;
adenosine receptor antagonist DPCPX [10,27,28]. Most of the
known neuroprotective effects of adenosine during ischemia
both in vivo and in vitro are attributed to the depression of
synaptic activity induced by the activation of A; receptors.
Therefore, the decrease in synaptic depression brought about
by A; adenosine receptor antagonists suggests that A; and As
receptors cooperate in inhibiting fEPSP amplitude during the
first minutes of OGD and share a neuroprotective role in these
pathological conditions. This interpretation is in line with the
observation that selective activation of A; adenosine receptors
under hypoxic conditions brings about inhibition of excitatory
neurotransmission in rat cortical neurons [22] and that mice

lacking A; adenosine receptors have increased neurodegen-
eration in response to repeated brief episodes of moderate
hypoxia [23].

Prolonged ischemic conditions could play a pivotal role in
switching the effects of A; receptor stimulation from A;-like
inhibition to potentiation of an excitotoxic glutamate effect.
The activation of phospholipase C by adenosine A; receptors
has been reported in striatal and hippocampal slices [46]. Rat
cortical neurons exposed to hypoxia in vitro show an increase
in activation of protein kinase C (PKC) after selective Aj;
receptor stimulation [47]. Similarly to what is described in the
heart, PKC-dependent activation of Karp channels may
enhance adenosine protection [48], but if OGD is applied long
enough to be considered severe, protracted PKC activation
induced by A; receptors could account for an increase in
intracellular calcium, which may participate in increasing
tissue excitability and thus lead to irreversible synaptic failure.

Unexpectedly, our results show that the effects induced by
Cl-IB-MECA, during OGD of different durations, are similar to
those elicited by adenosine A; antagonists. Cl-IB-MECA
reduces fEPSP depression induced by 2-min OGD, induces a
faster recovery of fEPSPs after 5-min OGD, and permits a full
recovery of neurotransmission after prolonged (7-min) OGD. A
decrease in fEPSP depression, brought about by A; agonists,
hypothetically mightbe attributed to A,, receptor stimulation.
It was, in fact, previously demonstrated that selective
stimulation of A, receptors by CGS 21680 decreases fEPSP
depression induced by 2-min OGD and that the effect is
antagonized by the selective A4 antagonist ZM 241385 [28].
However, the concentration of Cl-IB-MECA used in the present
study (10 nM) is highly selective for A; versus A, receptors
[32], and the effect of Cl-IB-MECA is not antagonized by ZM
241385, indicating that Cl-IB-MECA-induced depression of
fEPSP inhibition during 2-min OGD is not mediated by Aja
adenosine receptors. Specific involvement of A; receptors in
the observed effects is also indicated by the observation that
five chemically related compounds demonstrated similar
effects to those elicited by Cl-IB-MECA. Moreover, the
concentrations of Cl-IB-MECA and of MRS1523 used in the
present study induce maximal effects. Therefore, the observa-
tion that the effects of Cl-IB-MECA and MRS1523 during 2- or 5-
min OGD are not additive indicates that the effect of both
drugs on fEPSP depression evoked by OGD is mediated by the
same system (i.e., A; receptors).

A reducing effect of Cl-IB-MECA on fEPSPs inhibition
induced by adenosine has been attributed to a desensitization
of A; receptors [49]. Our results do not support such a
mechanism because (i) the selective A; receptor antagonist
MRS1523 not only does not potentiate fEPSP inhibition induced
by 2- and 5-min OGD but attenuates this effect and (ii) CI-IB-
MECA protects against AD appearance and irreversible
disruption of excitatory neurotransmission caused by pro-
longed (7-min) OGD episodes, whereas A; antagonism short-
ens the onset of AD evoked by hypoxia [43].

Therefore, the effects of Cl-IB-MECA are likely attributable to
a rapid desensitization of Az receptors. Further evidence in
support of Az desensitization is provided by the observation that
the perfusion protocol of 15 min Cl-IB-MECA application still
allows a significant recovery of neurotransmission when it was
applied 20 min before 7-min OGD. It is worth noting that when
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Cl-IB-MECA was applied for a short time, it induced a slower
recovery of fEPSPs after 5-min OGD instead of shortening the
recovery as after long application. This indicates that a short
application of Cl-IB-MECA is not sufficient to trigger receptor
desensitization. The adenosine Az receptor is particularly
susceptible to phosphorylation by G protein-coupled receptor
kinases [17,50]. Studies using CHO cells stably expressing the A;
receptors have demonstrated that, following a few minutes of
exposure to the agonist, there is rapid phosphorylation of the A;
receptor, a reduction in number of Az high affinity agonist
binding sites [16], and receptor internalization [19]. In human
astrocytoma cells, brief exposure (1-60 min) to nanomolar
concentrations of Cl-IB-MECA results in arapid uncoupling of As
receptors and receptor internalization while a long-lasting (1-
24 h) Cl-IB-MECA treatment leads to receptor down-regulation
which recovers after several hours [20]. On this basis, in our
experiments, 9-15min of treatment with CI-IB-MECA likely
produces uncoupling and internalization of the A; receptor.
However, we cannot exclude subsequent down-regulation of
receptor.

When considering that A; receptors encounter desensiti-
zation after prolonged exposure to Az agonists, we also have to
consider that, under the OGD conditions used in the present
study, endogenous adenosine released by the ischemic
stimulus is not sufficient to cause A; receptor desensitization.
During hypoxic/ischemic conditions, adenosine is released
from hippocampal slices, reaching concentrations up to 30 pM
after 5-min OGD [10,41]. However, the efficacy of A; antago-
nists in blocking the depression induced by OGD of different
durations indicates that endogenous adenosine concentra-
tions reached in the extracellular milieu alone are not
sufficient to desensitize A; receptors. Therefore, a stimulation
as massive as that reached in the presence of endogenous
adenosine plus exogenous A agonists is necessary to induce
substantial A; receptor plastic adjustments.

5. Conclusions

Our data indicate that the block of A; receptors, stimulated by
adenosine released during ischemia, counteracts fEPSP
depression induced by OGD of different durations. A novel
Aj antagonist, LJ1251, is protective at very low concentrations.
Adenosine Aj; receptors stimulated by adenosine released
during brief periods of ischemia might exert A;-like protective
effects on neurotransmission. Prolonged periods of ischemia
would transform the A; receptor-mediated effects from
protective to injurious. Moreover, our data support the notion
that A; receptors undergo desensitization during exposure to
an exogenous Az agonist.

Increased knowledge of molecular mechanisms of As
receptors during cerebral ischemia may increase our under-
standing of the utility of selective A; agonists/antagonists for
treatment of ischemic and other neurodegenerative disorders.
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