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Brief, repeated, oxygen-glucose deprivation episodes protect

neurotransmission from a longer ischemic episode in the in vitro

hippocampus: role of adenosine receptors

'Anna Maria Pugliese, 'Serena Latini, 'Renato Corradetti & *'Felicita Pedata

"Department of Preclinical and Clinical Pharmacology, University of Florence, Viale Pieraccini 6, 50139 Florence, Italy

1 Ischemic preconditioning in the brain consists of reducing the sensitivity of neuronal tissue to
further, more severe, ischemic insults. We recorded field epsps (fepsps) extracellularly from
hippocampal slices to develop a model of in vitro ischemic preconditioning and to evaluate the role
of A}, A4 and A; adenosine receptors in this phenomenon.

2 The application of an ischemic insult, obtained by glucose and oxygen deprivation for 7 min,
produced an irreversible depression of synaptic transmission. Ischemic preconditioning was induced
by four ischemic insults (2min each) separated by 13 min of normoxic conditions. After 30 min, an
ischemic insult of 7min was applied. This protocol substantially protected the tissue from the
irreversible depression of synaptic activity.

3 The selective adenosine A, receptor antagonist, §-cyclopentyl-1,3-dipropylxanthine (DPCPX,
100 nm), completely prevented the protective effect of preconditioning. The selective adenosine Asx
receptor antagonist 4-(2-[7-amino-2-(2-furyl)[1,2,4]triazolo[2,3-a][1,3,5]triazin-5-ylamino]ethyl)phenol
(ZM 241385, 100 nm) did not modify the magnitude of fepsp recovery compared to control slices. The
selective Aj; adenosine receptor antagonists, 3-propyl-6-ethyl-5[ethyl(thio)carbonyl]-2-phenyl-4-
propyl-3-pyridinecarboxylate (MRS 1523, 100 nm) significantly improved the recovery of fepsps after
7 min of ischemia.

4 Our results show that in vitro ischemic preconditioning allows CA1l hippocampal neurons to
become resistant to prolonged exposure to ischemia. Adenosine, by stimulating A, receptors, plays a
crucial role in eliciting the cell mechanisms underlying preconditioning; A, receptors are not involved
in this phenomenon, whereas A; receptor activation is harmful to ischemic preconditioning.
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Introduction

In the mammalian brain, oxygen and glucose deprivation
(OGD) caused by an ischemic episode leads to the develop-
ment of increasingly severe, with duration of ischemia, tissue
damage. The available knowledge on the consequences of
ischemic episodes indicates that synaptic transmission is
particularly sensitive to OGD. Neurotransmission is rapidly
impaired and, when the duration of the ischemic episode lasts
for more than a few minutes, the disappearance of synaptic
responses becomes irreversible (Pedata et al., 1993). Thus,
disappearance of synaptic transmission is probably the first
detectable functional sign of cell suffering that eventually
results in neuron death.

Much work has been devoted to the study of the sequence
and nature of the events caused by ischemic episodes in vivo
(see Dirnagl et al., 1999). However, the in vivo study of the
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mechanisms involved in the early events causing the loss of
neurotransmission is limited by obvious difficulties.

Therefore, the investigation of factors that play a major role
in the disappearance of neurotransmission within the first few
minutes of ischemia has been approached by using a variety of
in vitro models aimed at reproducing either oxygen (Musleh
et al., 1994; Furling et al., 2000) or glucose deprivation
(Fowler, 1994; Calabresi et al., 1997; Alici et al., 1998) or both
(Fowler, 1992; Latini et al., 1999a, b).

In a variety of tissues, including the brain, exposure to brief
periods of hypoxia or ischemia results in increased tolerance to
severe ischemic insults (Ishida et al., 1997; Dawson & Dawson,
2000). This phenomenon, called ‘preconditioning’, was first
observed in the heart (Murry et al., 1986) and later shown in
rat and gerbil brain (Kitagawa et al., 1990; Kato et al., 1991;
Kirino et al., 1991; Liu et al., 1992; Heurteaux et al., 1995). In
a pioneering work in vitro, Schurr et al. (1986) observed that,
in the CAl region of hippocampal slices, a brief episode of
hypoxia produced increased tolerance of the excitatory
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neurotransmission to a second, otherwise lethal hypoxic
episode. Since then, several experimental approaches have
been developed in the attempt to establish reliable protocols
for the study of cellular mechanisms of ischemic brain damage
in the in vitro brain tissue. Cultured neuronal cells have been
favored when the mechanisms of neuron damage and of cell
survival were the principal objectives of investigation, because
of the possibility of observing the parameters over days
(Khaspekov et al., 1998; Paschen & Mies, 1999; Pringle et al.,
1999; Miller et al., 2001; Raval et al., 2003).

In contrast, the study of mechanisms of neurotransmission
impairment and of early adaptive cell changes leading to
development of tolerance in the adult brain required the use of
brain slices from adult animals. At present, only a few
investigations have been conducted on preconditioning in
brain slices and were mostly directed at the study of the effects
of a brief anoxic episode on a subsequent longer anoxia in
hippocampal slices (Schurr et al., 1986; Perez-Pinzon et al.,
1996; Perez-Pinzon & Born, 1999).

Unlike the previous preconditioning in vitro conditions
utilized in hippocampal slices (i.e. anoxic conditions), in this
work we studied the effects of preconditioning under oxygen
and glucose deprivation in the rat hippocampus in vitro. Such
model may better mimic, within the limitations of an in vitro
model, the occurrence of repeated, transient, ischemic attacks
known to induce relative tolerance to severe ischemic episodes
in vivo (Kitagawa et al., 1990; Kato et al., 1991, Miller et al.,
2001). The subsequent, long episode of oxygen and glucose
deprivation was aimed at reproducing the interruption of
blood flow following cardiac arrest or occlusion of intracranial
vessels, one of the most frequent causes of cerebral ischemia.

The second objective of the present work was the study of
the involvement of adenosine in the preconditioning phenom-
enon. In fact, the extracellular concentration of adenosine is
increased in those situations in which the supply of oxygen and
energy substrates is not adequate to meet the energy demands
of the brain, such as during hypoglycemia, hypoxia or
ischemia (Latini et al., 1999a; Plaschke er al., 2000).
Most evidence indicates that stimulation of adenosine A,
receptors is involved in protection from hypoxic/ischemic
insults, while the role of A,, and/or Aj; receptors is still
controversial (Dunwiddie et al., 1997; Brand et al., 2001;
Pedata et al., 2001).

In vivo, administration of adenosine or of selective A,
receptor agonists mimics a preconditioning effect in the brain
(Heurteaux et al., 1995; Blondeau et al., 2000). Consistently,
intraperitoneal treatment with A,-receptor antagonists attenu-
ates the beneficial effects of ischemic preconditioning both in
the rat brain (Nakamura et al., 2002) and in the CA1 gerbil
hippocampus (Hiraide et al., 2001).

Adenosine is involved in anoxic (Perez-Pinzon et al., 1996;
Perez-Pinzon & Born, 1999) and chemical preconditioning
(Aketa et al., 2000) in the hippocampus in vitro and a role of
A, adenosine receptors in the preconditioning phenomenon
was demonstrated (Blondeau et «l., 2000; Hiraide et al., 2001;
Nakamura et al., 2002).

In the present study, the role of A;, A, and Az adenosine
receptors in the early mechanisms of protection exerted by
ischemic preconditioning in the hippocampus in vitro was
investigated, using selective antagonists.

Part of this work has been communicated (Latini et al.,
2001).

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
hippocampal slices, prepared as previously described (Latini
et al., 1999a,b).

Slice preparation

Male Wistar rats (Harlan Italy; Udine Italy, 140—180 g body
weight), under anesthesia with ether, were killed with a
guillotine 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, KCl1 3.33, KH,PO, 1.25, MgSO, 2, CaCl, 2,
NaHCO; 25 and p-glucose 10. Slices (400 um thick) were cut
by a Mcllwain tissue chopper (The Mickle Lab. Engineering,
Co. Ltd, Gomshall, U.K.) and kept in oxygenated aCSF for at
least 1 h at room temperature. A single slice was then placed on
a nylon mesh, completely submerged in a small chamber
(0.5ml) and superfused with oxygenated aCSF (30—32°C) at a
constant flow rate of 2mImin~"'. The treated solutions reached
the preparation in 90 s and this delay was taken into account in
our calculations.

Extracellular recording

Test pulses (80 us, 0.06 Hz) were delivered through a bipolar
nichrome electrode positioned in the stratum radiatum. Evoked
extracellular potentials were recorded with glass microelectrodes
(2-10MQ, Clark Electromedical Instruments, Panghourne,
U.K)) filled with 3m NaCl, placed in the CAl region of the
stratum radiatum. Responses were amplified (Neurolog NL 104,
Digitimer Ltd, Welwyn Garden City, U.K.), digitized (sample
rate, 33.33 kHz), and stored for later analysis using pPCLAMP 6
software facilities (Axon Instruments, Foster City, CA, U.S.A.).
Stimulus—response curves, were obtained by gradual increases in
stimulus strength at the beginning of each experiment. The test
stimulus pulse was then adjusted to produce a field excitatory
postsynaptic potential (fepsp) whose slope was 40—50% of the
maximum and was kept constant throughout the experiment.
The amplitude of fepsp was routinely measured and expressed as
the percentage of the average amplitude of the potentials
measured during 10min after establishing a stable baseline of
evoked response under normoxic conditions. In some experi-
ments, both the amplitude and the initial slope of fepsp were
quantified, but since no appreciable differences were observed in
the effect of drugs and of in vitro ischemia, only the measure of
the amplitude was expressed in figures.

Application of OGD and protocols of ischemic
preconditioning

In vitro OGD was obtained by perfusing the slice with aCSF
without glucose and gassed with nitrogen (95% N,—5% CO,)
(Pedata et al., 1993), whereas in vitro oxygen deprivation (OD)
was obtained by perfusing the slice with aCSF gassed with
nitrogen. At the end of the ischemic or anoxic period, the slice
was again superfused with normal (glucose-containing) oxyge-
nated aCSF. pO, values were measured with ISO2 and its
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associated OXEL-1 probe (WPI, Aston, U.K.). The instru-
ment amperometrically measured the concentration of oxygen
in aqueous solutions and gas mixtures. The oxygen probe
houses a platinum working electrode and a polymer membrane
fits over the end of the sleeve that allows oxygen to pass while
blocking liquid ions and particulate matter. Dissolved oxygen
calibration was corrected for the effect of water vapor by the
following equation: pO,=21%(1-pH,0/760), where pH,O is
the partial pressure of water vapor at standard atmospheric
pressure in mmHg. The pO, values obtained decreased from
58+0.7 (corresponding to a range of 420-500mmHg) in
control to 17+0.5 (corresponding to a range of 120-—
150mmHg, P<0.05, n=4) after 2min of OGD and to
5+1.3 (corresponding to a range of 35-75mmHg, P<0.05,
n=4) after 7min of OGD (see Figure 1).

In a preliminary series of preconditioning experiments, we
found that a single OGD lasting 2min (z=3) or Smin (n=23)
did not modify the outcome of the 7-min OGD (not shown).
Since the administration of repeated short ischemic insults
appears to be the most effective protocol for preconditioning
in the heart (Kloner & Jennings, 2001), we tested the possible
effectiveness of a similar conditioning treatment in brain
tissue. For this reason, the number of preconditioning ischemic
stimuli was increased.

During ischemic preconditioning, hippocampal slices under-
went four repeated short OGD episodes of 2 min, separated by
13 min of reperfusion in normal oxygenated aCSF. At 30 min
following the fourth conditioning insult, a prolonged OGD of
7min was induced. In most cases both a control protocol, in
which the 7min OGD was applied after 40 min of baseline, and
a preconditioning protocol were performed on hippocampal
slices taken from the same rat. Since in the absence of
preconditioning, the largest fepsp recovery observed was 6%
(see Results), only an fepsp amplitude recovery higher than
15% was taken into consideration for quantitative analysis
after preconditioning.

In three different set of experiments, the effects of selective
adenosine receptor antagonists on ischemic preconditioning
were studied.

DPCPX (100nm) a selective A, receptor antagonist, ZM
241385 (100nM) a selective A, antagonist and MRS 1523
(100nm) a selective A; adenosine receptor antagonist were
applied for 25 or 20 min before and during the application of the
four brief repeated ischemic insults and then washed for 33 min
before the application of the 7-min OGD. Experiments were
carried out either in the absence or presence of the adenosine
antagonists, in slices taken from the same rat in the same day.
The 100nm concentration of DPCPX was chosen because it
maximally blocks the 2 min ischemia-induced fepsp depression
(Latini et al., 1999a) and this action is reversible within a 30-min
drug washout (see Results). The 100 nM concentration of ZM
241385 was chosen because it fully antagonizes the reduction of
synaptic depression, induced by in vitro ischemia, produced by
the selective adenosine A,, agonist CGS 21680 (Latini et al.,
1999b). The 100 nM concentration of the selective adenosine A3
receptor antagonist, MRS 1523, was chosen on the basis of K;
values on rat A; receptors (Li et al., 1998).

Drugs

DPCPX (8-cyclopentyl-1,3-dipropylxanthine) was purchased
from Research Biochemicals International (Natik, MA,

Adenosine in hippocampal ischemic preconditioning 307
a 75
b o~
O 50
Q
a _I R
e T
c ——— T
0 2 4 6 8 10 12
Time (min)

1204

fepsp amplitude (% baseline)

0 10 20 30
Time (min)

b 150- OGD __0OD

T ) ]

£

3 OGD

(o]

©

L0

5 1001

§

[o)]

T

2

g 504

©

a

2]

Q.

2

0._
0 10 20 30 40

Time (min)

Figure 1 Effects of ischemia or hypoxia on fepsps evoked by
electrical stimulation of the stratum radiatum in the CAl
hippocampal region. (a) The graphs show the time course of fepsps
amplitude, before, during different time durations of OGD and after
reperfusion in normal oxygenated aCSF. Data, expressed as percent
of baseline values, are means+s.e.m., n=20 for 2 and Smin of
OGD and n=50 for 7min of OGD. Bars indicate the time duration
of OGD. Note the transient reappearance of synaptic potential after
superfusion in normal oxygenated aCSF only after 5-min OGD
(arrowhead). Upper panel, left side: fepsps recorded from hippo-
campal slices in a typical 7-min OGD experiment: (a) control, (b) at
the end of 7-min OGD, (c) after a 20-min washout in normal
oxygenated aCSF. A 7-min OGD abolishes both fepsp and afferent
volley amplitude. After reperfusion in normal oxygenated aCSF,
only the recovery of afferent volley was recorded. Calibration bars:
0.5mV, 5ms. (b) Upper panel, right side: Values (mean +s.e.m.) in
the graphs represent pO, levels (expressed in percentage) during 2- or
7-min OGD and immediately after reperfusion in aCSF. The lowest
pO, values are obtained starting from the fifth minute of the 7-min
OGD. (b) The graphs show the time-course of fepsps amplitude
before, during OGD or OD application and after reperfusion in
oxygenated aCSF. Data, expressed as percent of baseline values, are
means+s.e.m. No electrical activity was recorded after 15min of
OGD (n=7), whereas a complete recovery of neurotransmission
after Smin of OGD, followed by 10-min anoxia, was observed
(n=15). Closed and open bars indicate time duration of OGD and
OD, respectively.
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U.S.A.), MRS 1523 (3-propyl-6-ethyl-5[ethyl(thio)carbonyl]-2-
phenyl-4-propyl-3-pyridinecarboxylate) from Sigma (Milano,
Italy), ZM 241385 (4-(2-[7-amino-2-(2-furyl)[1,2,4]triazolo[2,3-
a[1,3,5]triazin-5-ylaminoJethyl)phenol) from Tocris (Bristol,
U.K.). Each drug was dissolved in dimethylsulfoxide (DMSO)
and stock solutions were made to obtain concentrations of
DMSO of 0.05 and 0.01% in aCSF, respectively. Control
experiments, carried out in parallel for an unrelated project,
showed that this concentration of DMSO did not affect the
depression of synaptic potential induced by the following
OGD.

Statistical analysis

Data were analyzed using Clampfit (Axon) and Prism 3.02
software (Graphpad Software, San Diego, CA, U.S.A.). All
numerical data are expressed as the mean+s.e.m. Data were
tested for statistical significance with paired two-tailed
Student’s #-test or by analysis of variance (one-way ANOVA),
as appropriate. When significant differences were observed,
Newman—Keuls multiple comparison test was inferred. A
value of P<0.05 was considered significant.

Results

The effects of in vitro OGD in the absence or after an ischemic
preconditioning protocol on synaptic transmission were
studied with extracellular recordings of fepsps in the CAl
region of rat hippocampal slices. Experiments were performed
on a total of 150 slices taken from 102 rats.

7- or 15-min OGD irreversibly abolish fepsps

Figure 1 illustrates the time course of the fepsp depression
caused by administration of OGD for 2, 5 or 7min. As shown
in Figure la, an OGD of 2min caused a partial fepsp
depression (—69 + 5%, n =20, paired Student’s z-test P<0.01),
while 5-min OGD abolished fepsps (—97+2%, n=20, paired
Student’s z-test P<0.01). In both cases, the synaptic depres-
sion induced by OGD was reversible after returning to normal
oxygenated aCSF.

The application of 7-min OGD irreversibly abolished
synaptic neurotransmission (—99+3.5%, n=150, paired Stu-
dent’s r-test P<0.01; Figure 1a).

At the end of 7-min OGD, the disappearance of the synaptic
component of the fepsp was followed by the disappearance of
the afferent fiber volley in all preparations (e.g. Figure la,
upper panel, left side). The afferent fiber volley amplitude,
unlike the fepsp, recovered within a few minutes of superfusion
in normal oxygenated aCSF.

The pO, levels (mean +s.e.m.) measured during 2 or 7 min of
OGD and at the beginning of superfusion in normal
oxygenated aCSF are also shown in Figure la (upper panel,
right side). The depression of synaptic activity was temporally
coincident with a decrease in pO, values measured in the slice.
It should be noted that the complete loss of synaptic activity
was observed starting at the 5-min OGD, when pO, reached
minimum values.

The application of a longer, 15-min OGD irreversibly
reduced the amplitude of fepsp (—98+1%, n="7, paired
Student’s t-test P<0.01, Figure 1b). Under this condition,

within superfusion in normal oxygenated aCSF, the recovery
of fiber volley amplitude was observed in four, out of seven,
slices examined (data not shown).

During the first 2min of recovery from the 5-min OGD
episode in normal, oxygenated aCSF, a transient reappearance
of the fepsp was observed (Figure la and see also Latini et al.,
1999a). This phenomenon was time-locked to readmission
normal oxygenated aCSF and was neither present during or
after the 7- or 15-min OGD episodes.

In a previous study on the effects of 10-min anoxia in
hippocampal slices (Sick ez al., 1987), a transient reappearance
of synaptic responses was observed after about 5—6min of
anoxia and was ascribed to the increase in extracellular
potassium concentration (to about 8 mm) caused by the anoxic
episode. In our experience, superfusion of aCSF containing
8 mM potassium at the fifth minute of an OGD lasting 15 min
did not cause any reappearance of the fepsp (n =5, not shown).

To investigate whether anoxia had a predominant role in the
irreversible disappearance of neurotransmission, a group of
hippocampal slices was first exposed for Smin to OGD and
was then superfused for a further 10 min with OD solution. As
illustrated in Figure 1b, under these conditions, fepsp
amplitude fully recovered (102+6%, n=25, paired Student’s
t-test P<0.01) after a few minutes of reperfusion in normal
oxygenated aCSF. Nevertheless, no transient appearance of
the fepsp was found.

Since 7-min OGD application induced an irreversible
depression of synaptic activity without affecting the recovery
of fiber volley amplitude in all the slices tested, this indicated
that in the time-window a substantial damage of neurotrans-
mission machinery occurred, which did not involve an
irreversible impairment of nerve conduction.

This 7-min OGD duration was therefore chosen to test the
effects of ischemic preconditioning on an ischemic insult
otherwise capable of irreversibly compromising synaptic
transmission.

Effects of ischemic preconditioning on a 7-min OGD

As illustrated in Figure 2, the preconditioning treatment
consisted of a sequence of four, brief (2-min) OGD episodes,
separated by 13-min intervals of superfusion in normal
oxygenated aCSF. This preconditioning protocol was followed
by 33 min of reperfusion in normal oxygenated aCSF before
testing the effects of a 7-min OGD. In a typical experiment
shown in Figure 2a and b this preconditioning protocol
resulted in a complete recovery of fepsps after a few minutes of
reperfusion in normal oxygenated aCSF. After a 7-min OGD
application, immediately after starting superfusion with
normal oxygenated aCSF, a transient reappearance of synaptic
potentials was observed (Figure 2b, arrowhead). As shown in
Figure 2b, the depressions induced by the four conditioning
ischemic episodes were progressively smaller and a statistical
significant difference among the groups was observed
(P<0.05, one-way ANOVA, n=22, Table 1).

Figure 3 illustrates the effects of ischemic preconditioning
on the time course of the fepsp amplitude depression caused by
a 7-min OGD episode (n=22) compared to that observed in
control ‘nonpreconditioned’ slices (n=150) conducted in
parallel in slices taken from the same rats. A substantial
recovery (80+9%, paired Student’s t-test P<0.05) of fepsps
from the depression induced by 7-min OGD, after superfusion
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in normal oxygenated aCSF was obtained only in precondi-
tioned slices (22 out of 27), whereas no recovery of fepsps was
recorded in nonpreconditioned, control slices (3.340.75%,
paired Student’s #-test, P<0.05). The transient reappearance
of synaptic potentials was observed, soon after superfusion
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Figure 2 Ischemic preconditioning induces tolerance against the
depression of synaptic transmission induced by 7 min of OGD in the
CA1 hippocampal region. (a) Traces are fepsps recorded from CA1l
stratum radiatum at representative times of the corresponding
experiment shown in (b) Synaptic potentials recorded in normoxic
aCSF and at the point of maximal depression are superimposed to
show the maximal effect of ischemic episodes. Calibration bars:
0.5mV, 5ms. (b) The graph shows the time course of fepsp
amplitude, expressed as percent of baseline responses, in a typical
experiment, during the four preconditioning 2-min OGD episodes
and the 7min of OGD ‘test’ application. Bars indicate the time
duration of OGD episodes. Note the complete recovery of synaptic
potential, after 7-min OGD, occurring within 10 min of superfusion
in normal oxygenated aCSF and the transient reappearance of
synaptic potentials at the end of the 7min of OGD (arrowhead).
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Figure 3 Ischemic preconditioning protects hippocampal slices
from the fepsp depression induced by the 7min of ischemia. The
graphs show the time course of fepsp amplitude, expressed as
percent of baseline, 10min before, during 7min of OGD and
superfusion in normal oxygenated aCSF in the absence (mean+
s.e.m., n=>50) and after ischemic preconditioning (mean+s.e.m.,
n=22). A transient reappearance of synaptic potentials was
observed in preconditioned slices at the end of 7-min OGD
(arrowhead). Bars indicate the time duration of OGD episodes.

with normal oxygenated aCSF, in preconditioned slices
(Figure 3).

Role of A;, A5, and A; adenosine receptor subtypes in
preconditioning-induced recovery of neurotransmission

We investigated the possibility that a stimulation of adenosine
receptors by the endogenous adenosine released during the
four brief episodes of OGD was involved in the induction of
the ‘preconditioning’ effect. For this reason, the precondition-
ing protocol was administered in the presence of selective
antagonists for each adenosine receptor type (A, A, and Aj),
which was washed out immediately after the fourth condition-
ing episode.

A first series of experiments was addressed to assess whether
the block of adenosine A, receptors, by a selective adenosine
A, receptor antagonist DPCPX, can prevent the protective
effects of ischemic preconditioning on synaptic transmission.
DPCPX (100 nM), applied 25 min before and during the four
conditioning OGD episodes, almost completely blocked fepsp
depression induced by each short OGD. The 7-min OGD,
administered after a 33-min washout of DPCPX, irreversibly
abolished the evoked fepsps, showing that a block of A,
receptors prevented the protection induced by preconditioning
against the 7-min OGD (Figure 4). The application of DPCPX
caused, per se, an increase in fepsp amplitude (on average from

Table 1 Reduction of fepsp amplitude at the end of the four brief OGD episodes during preconditioning and at the

corresponding time during 7-min OGD

Preconditioning

1st (%) 2nd (%)
No drug (n=22) 72+4 59+4
DPCPX (n=12) 1343 943
MRS 1523 (n=10) 62+12 61+9
ZM 241385 (n=38) 66+11 53+10

7-min OGD
3rd (%) 4th (%) 2.5min (%)
52+4 48 +4* 6545
842 743 63410
55+10 53410 65412
S51+11 43+ 7* 65+5

The peak of fepsps depression was expressed as percentage of the respective control values. Values (mean+s.e.m.) were measured at the
time of maximal peak depression (2.5min) induced by brief OGD of preconditioning protocol and at 2.5min of the 7-min OGD
application. *P <0.05 compared with the first brief OGD and at 2.5min of 7-min OGD (one-way ANOVA).
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0.9240.02 to 1.064+0.05mV, Student’s t-test P<0.05, n=12),
confirming the existence of a tonic inhibition of fepsps by the
endogenous adenosine present in control conditions (Dunwid-
die & Diao, 1994; Latini et al., 1999a). The effect of DPCPX is
washed out of the preparation in 33 min, as demonstrated by
the fact that the magnitude of fepsps depression at 2.5 min of
the 7-min OGD application is comparable to that obtained in
preconditioned slices in the absence of the drug (Table 1 and
inset of Figure 4).

In Figure 5 the effects of adenosine A;, A, and A;
antagonists on the recovery of synaptic potential amplitude
after 7-min OGD are compared.

As shown in Figure 5, the 7-min OGD episode, administered
after a 30-min washout of DPCPX (100nM), irreversibly
abolished (—97+1%, n=12, paired Student’s t-test P<0.01)
the preconditioning effect. In contrast, ischemic precondition-
ing in the presence of a selective A; adenosine receptor
antagonist (MRS 1523, 100 nm), substantially improved the
recovery of synaptic potential amplitude (Figure 5a). As
shown in Figure 5b, the recovery of fepsp, after 7-min OGD
episode in these conditions was of 104+7% (n=10). This
effect was statistically significant when compared to that
obtained with any other treatment, including control pre-
conditioning (P<0.05, one-way ANOVA, Newman—Keuls
multiple comparison post hoc test). Finally, no apparent
involvement of A,, receptors was found when the ischemic
preconditioning was carried out in the presence of the selective
A,5 adenosine receptor antagonist, ZM 241385 (100nm,
Figure 5a), that did not affect fepsp depression during the
preconditioning protocol (Table 1). The recovery of neuro-
transmission (80+11%, n=28) was similar to that obtained

100 nM DPCPX

_ 120+ . -'%

g "Qm-‘hq’ 'g“ t. e::&

£ ix;’,“ 2

1)

(1]

a .

5 80

s 120 — .

2 wenfh  * CTR )

= 80 S 4 DPCPX

g 40+ 40 0‘} .

s .

g 0 \e.é :

2 . kst
o) 0 5 10 15 =

0 20 40 60 8 100 120 140
Time (min)

Figure 4 DPCPX prevents the protective effect of ischemic
preconditioning on fepsp depression induced by 7 min of ischemia.
The graph shows the time course of fepsp amplitude recorded from a
typical experiment carried out in the presence of DPCPX (100 nm,
open bar), an A; adenosine selective antagonist, applied 25min
before and during the preconditioning OGD episodes. (Inset) The
time course of fepsp depression caused by 7-min OGD in
nonconditioned (control) slices and in slices in which precondition-
ing was performed in the presence of DPCPX. Given are mean+
s.e.m. values of fepsp amplitude (not conditioned: n=50; condi-
tioned n=12). Note that the entity of the fepsp depression recorded
at 2.5min of the 7-min OGD application in slices preconditioned in
the presence of DPCPX was similar (arrowhead) to that observed in
controls (see also Table 1). Bars in the figure and in the inset indicate
the time duration of OGD episode.
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Figure 5 Role of A, A,, and A; receptor activation in ischemic
preconditioning in rat hippocampal slices. (a) Graphs show the time
course of fepsp amplitude 10 min before, during 7 min of OGD and
superfusion in normal oxygenated aCSF, after preconditioning in
the presence of different adenosine receptor antagonists (DPCPX,
100nM, n=12; ZM 241385, 100nm, n=8; MRS 1523, 100nM,
n=10). Data, expressed as percent of baseline values, are means
+s.e.m. of fepsp amplitude. Bar indicates the time duration of
ischemic episodes. (b) Column bars in the graph summarize the
average recovery (mean+s.e.m.) of fepsp after 7min of OGD,
recorded in hippocampal slices at 15min reperfusion in normal,
oxygenated aCSF in control and preconditioned slices. *P<0.05
versus control; P<0.05 versus all experimental conditions. The
selective adenosine antagonists, DPCPX, ZM 241385, MRS 1523,
were applied during ischemic preconditioning at a concentration of
100nm. Differences between data were analyzed by one way
ANOVA, followed by Newman—Keuls multiple comparison post
hoc test.

after ischemic preconditioning in the absence of the antagonist
(Figure 5b).

Discussion

Our work demonstrates that exposure of in vitro brain tissue to
repeated, brief ischemic episodes elicits rapid adaptive
mechanisms that prevent the irreversible disruption of synaptic
transmission caused by a severe ischemic episode. The second
finding is that adenosine, by stimulating A, receptors, plays a
crucial and permissive role in eliciting the cell mechanism(s)
induced by preconditioning and underlying the functional
recovery of neurotransmission in the hippocampal CA1l area
after ischemic insults. The third finding is that the block of A,
adenosine receptors during the preconditioning episodes
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enhances the effectiveness of preconditioning and suggests that
the stimulation of A; receptors by endogenous adenosine may
be one of the negative stimuli that eventually leads to the
irreversible loss of neurotransmission during prolonged
ischemic episodes.

Extended work has been directed to study the impairment of
neurotransmission by anoxic/ischemic insults of various
duration in vitro (Schurr & Rigor, 1989). More recently, the
in vivo demonstration that transient ischemic episodes may
induce tolerance to severe brain ischemia (Kitagawa et al.,
1990; Kato et al., 1991; Heurteaux et al., 1995) generated
several attempts to establish a model for preconditioning brain
tissue in vitro.

Available results converge in indicating that a precondition-
ing effect can be obtained against in vitro ischemic insults
either by preceding transient ischemic episodes (Tokunaga
et al., 1998) in vivo, or by administration of anoxic/episodes in
vitro (Schurr et al., 1986; Perez-Pinzon et al., 1996). Never-
theless, none of the models proposed provides exhaustive
means of investigation of all aspects of preconditioning and/or
ischemic damage. In fact, the experimental protocols proposed
by different authors have been directed to study aspects of
anoxic/ischemic damage that are very dissimilar in terms of
investigated parameters and therefore of possible conclusions
regarding the cellular mechanisms involved and their pre-
synaptic or postsynaptic location.

For instance, cultured neuronal cells or organotypic
hippocampal slices have been used by several groups
(Khaspekov et al., 1998; Paschen & Mies 1999; Pringle et al.,
1999; Miller et al., 2001). Although these preparations
undoubtedly present advantageous features for anatomofunc-
tional studies, they have the intrinsic limitation of being at an
unknown stage of cell maturation and therefore of expressing
naturally occurring cellular mechanisms.

Accordingly, a large number of investigators have elected to
use brain slices from adult animals for the study of anoxic/
ischemic damage and more recently, for the investigation of
preconditioning in vitro (Schurr et al., 1986; Perez-Pinzon et al.,
1996). From this point of view, the model we present is
endowed with several characteristics and advantages that are
unprecedented and complementary to those of other models
and that may eventually be of particular interest for multi-
disciplinary investigations.

Characteristics of the experimental conditions chosen for
reproducing ischemia and preconditioning in vitro

It is obvious that none of the in vitro models would fully
reproduce the damage caused by in vivo ischemic episodes.
Nevertheless, OGD, instead of anoxia alone, may better mimic
an episode of severe brain ischemia when the study is directed
at the investigation of the effects of a transient vascular
occlusion followed by reperfusion. Indeed, previous work in
vitro shows that the availability of glucose is of great relevance
for the early functional outcome of an associated anoxia
(Schurr et al., 1997). Accordingly, in our study we have used
episodes of OGD in submerged hippocampal slices versus
those taken at interface for several theoretical and practical
considerations: (i) the changes in pO,/glucose are likely to be
more homogeneous in the preparation, and the application/
washout of drugs is faster; (ii) the slice is better preserved and,
in perspective, may be used to assess neurochemical para-

meters (e.g. by immunohistochemistry) in parallel studies in
the same conditions or even after electrophysiological record-
ing as previously carried out for different purposes (Giovan-
nini et al., 2001).

Extracellular recording from the dendritic region of CAl
pyramidal cells has been performed because it has the
advantage of monitoring neurotransmission at its source (i.e.
records the epsp generation due to glutamate receptor
activation). This minimizes the influence of modulatory
mechanisms possibly acting at a somatic level and able to
alter the cell discharge recorded with the population spike (e.g.
sodium channel inactivation). Therefore, a decrease in fepsps
predominantly reflects a decrease in the release of the
excitatory neurotransmitter.

On the other hand, alterations in the postsynaptic response
(e.g. dendrite depolarization) may be involved in the disap-
pearance of the fepsp during the ischemic period. When
present, a substantial or full recovery of fepsps also ensures
that those alterations are recovered after reperfusion with
control aCSF.

The first set of experiments devoted to the identification of
the type and duration of the ischemic insult to be used for the
induction of the adaptive changes (preconditioning) and of the
outcome of an ischemic episode allow several conclusions.

The first conclusion is that, in the early phases of the
ischemic episode, the disappearance of the fepsps parallels the
decrease in pO,, but that the irreversible damage observed for
OGD episodes longer than 5min is due primarily to the
decrease in glucose availability. In fact, the readmission of
glucose in the absence of oxygen for a further 10 min allows for
full recovery of synaptic transmission. This is consistent with
previous findings (Zhu & Krnjevic, 1999; Tian & Baker, 2002)
showing the crucial role of glucose levels for the recovery of
neurotransmission in CA1 and the relatively longer resistance
of hippocampal slices to oxygen deprivation (Pearson et al.,
2001).

Furthermore, in our conditions, a transient reappearance of
neurotransmission was observed only at reperfusion with
normal oxygenated aCSF after 5-min OGD, but not during
more prolonged OGD episodes (up to 15min). The transient
reappearance of synaptic potentials is probably linked to
hyperexcitability phenomena and was described by several
researchers in the hippocampus during hypoxia (Zhu &
Krnjevic, 1999), ischemia (Fowler, 1990), spreading depression
(Stone, 2000) or recovery from prolonged hypoxia (Luhmann
& Heinemann, 1992; Doolette & Kerr, 1995).

Therefore, it appears that the absence of glucose also
hampers the development of the transient phase of hyperexcit-
ability caused by the rise in extracellular potassium concentra-
tion shown in purely anoxic episodes (Sick et al., 1987). On the
other hand, a constant finding in our experiments was the
transient reappearance of synaptic potentials at the end of the
7-min OGD in preconditioned slices, which was absent in
controls. Regardless of what mechanism(s) are responsible for
this phenomenon, this transient phase, observed only after
ischemic preconditioning, further points to an increased tissue
resistance and its presence may be considered predictive of a
functional recovery of neurotransmission during reperfusion.

The second conclusion is that, within a narrow time frame
(between 5 and 7min of OGD), cellular mechanisms are
activated and lead to the irreversible disappearance of
neurotransmission. This time frame can be widened by
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repeated exposure of the tissue to brief OGD episodes. In fact,
the recovery of fepsp is an unambiguous sign of cell survival in
the face of an otherwise lethal insult. It appears therefore that
preconditioning triggers cellular mechanisms able to protect,
to some extent, neurotransmission from disruption caused by
the ischemic episode. Further investigation is needed to
understand whether these mechanisms may also be responsible
for long-lasting neuroprotection.

Role of adenosine receptors in the in vitro preconditioning

During in vitro brain ischemic episodes, inhibition of
excitatory synaptic transmission is mainly ascribed to the
increase in extracellular adenosine (Fowler, 1990; Gribkoff
et al., 1990; Pedata er al., 1993; Latini et al., 1998) and
subsequent stimulation of A, receptors (Latini et al., 1999a)
that inhibit glutamate release (Corradetti et al., 1984).

Accordingly, during the OGD episodes of the precondition-
ing protocol, substantial outflow of adenosine produced a
depression of fepsp amplitude. However, it should be noted
that, in the preconditioning phase in controls, a significant
decrease in depression of fepsps at the fourth preconditioning
episode was observed, compared to the first episode. The
simplest interpretation of the decreased effectiveness of brief
OGD episodes in depressing fepsp is that the mechanisms
activated by preconditioning and able to counteract the effect
of OGD are increasingly apparent over time and with
reinforcement of the preconditioning stimuli. Nevertheless, in
the presence of the A; adenosine receptor antagonist, this
phenomenon was partially blocked. One can speculate that the
decreased effectiveness of brief OGD episodes is due to Aj
receptor stimulation and subsequent desensitization of A,
adenosine receptor, as suggested by Dunwiddie et al. (1997).
Alternatively, it can be envisaged that repeated OGD causes a
substantial decrease in availability of adenosine and therefore
the smaller depression in fepsp amplitude is a mere reflection
of a decreased adenosine outflow. Indeed, it has been shown
that adenosine outflow during the hypoxic/ischemic episode
was reduced in hippocampal slices previously exposed to an
initial hypoxic/ischemic period (Pearson er al., 2001 and
personal, unpublished data). However, although the amount
released at the second episode is smaller, it is sufficient to block
neurotransmission completely (Latini er al., 1999a; Pearson
et al., 2001). On the other hand, this possibility cannot be
completely excluded on the basis of the present results, because
at the second minute of the lethal episode the depression is
similar to that found with the first and larger than that caused
by the fourth. The fact that the fepsp depression during the
first minute of the 7-min OGD was similar to that observed
with the 2-min conditioning OGD, suggested that the time
(>30min) between preconditioning and the 7-min OGD may
have allowed refilling of adenosine stores to be released upon
OGD insult.

In both cases, however, it should be noted that the effects of
preconditioning are most probably due to the activation of
adenosine receptors during preconditioning and not to altered
release of adenosine during the 7-min OGD. In fact, regardless
of the mechanisms causing the progressive decrease in fepsp
amplitude depression during the preconditioning protocol, the
cause for the decrease in excitatory neurotransmission was
predominantly produced by the stimulation of A, receptors, as
confirmed by the antagonism of fepsp depression exerted by

100nm DPCPX. Our experiments demonstrate that when A,
receptor stimulation is antagonized by the presence of DPCPX
during the preconditioning phase, no recovery of excitatory
neurotransmission is observed after the 7-min OGD episode.
Since the removal of the A, receptor block appears to be
complete, as judged by the time course and magnitude of fepsp
depression during the first minutes of the lethal OGD, the lack
of recovery does not seem to be due to a substantial
impairment of A; receptor-mediated responses during the test
ischemia. Therefore, it can be concluded that stimulation of A,
receptors during the conditioning OGD episodes is necessary
and permissive for the activation of cell mechanisms respon-
sible for the tolerance to a severe ischemic insult. This result
also shows that our experimental protocol shares this
fundamental mechanism with other models and confirms the
overall consistency of interpretation of A, receptor role in
preconditioning.

In regard to adenosine receptor-mediated mechanisms
involved in preconditioning and neuroprotection, our results
add the novel finding that the selective block of A; adenosine
receptors during preconditioning facilitates the full recovery of
CA1 hippocampal neurotransmission from a 7-min OGD.

This is in line with observations in vivo and in vitro
(Abbracchio & Cattabeni, 1999; Von Lubitz, 1999) on the
potential role of Aj; receptor stimulation in physiological
neurotransmission and during ischemic episodes in vivo. In
particular, the possibility that one of the effects of Az receptor
stimulation counteracts those of A; receptors through desen-
sitization of intracellular cross-talk has been suggested
(Dunwiddie et al., 1997). Blockade of Aj; receptors would
conceivably allow full development of A, receptor-dependent
favorable effects. On the other hand, it is possible that Aj
receptor stimulation produces cellular negative effects that are
completely independent of those monitored through electro-
physiological methods, but that limit the expression of the
cellular adaptive mechanisms, peculiar to preconditioning. The
antagonism of these effects, limiting full expression of
preconditioning favorable mechanisms, would result in en-
hanced recovery of neurotransmission. Finally, from our
results it appears that A, receptors do not play any role in
the mechanisms involved in preconditioning, at least relative to
immediate protection of neurotransmission. It should be
noted, however, that their stimulation has been involved as a
negative factor contributing to neuronal cell death following
brain ischemia in vivo (Melani et al., 2003) and may play a
considerable role in triggering/sustaining deleterious cellular
mechanisms that are not manifest in the early phase of cell
damage.

In conclusion, the relationship between the increased
tolerance of neurotransmission to ischemic episodes produced
by preconditioning in vitro and the mechanisms of cell survival
and neuroprotection in vivo remains to be established.
However, the present results demonstrate the existence of
several adenosine-dependent adaptive mechanisms responsible
for the increase in tolerance to ischemic episodes, which can be
activated and studied using preconditioning protocols in
hippocampal tissue in vitro.
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