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Energy deprivation, as a result of aglycemia, leads to de-
pression of the central synaptic transmission. Endogenous
adenosine has been implicated in this depressant effect. We
have studied the possible involvement of endogenous aden-
osine in the depression of corticostriatal excitatory transmis-
sion induced by glucose deprivation by using intracellular
recordings in brain slices. After stimulation of corticostriatal
fibers, EPSPs were recorded from striatal spiny neurons.
Adenosine (3–300 mM) or brief periods (5–10 min) of aglyce-
mia reduced the EPSP amplitude but did not alter the mem-
brane potential and the resistance of the recorded cells.
These inhibitory effects were not associated with an alter-
ation of the postsynaptic sensitivity to exogenous glutamate
but were coupled with an increased paired-pulse facilitation,
suggesting the involvement of presynaptic mechanisms. A
delayed postsynaptic membrane depolarization/inward cur-
rent was detected after 15–20 min of glucose deprivation.
The presynaptic inhibitory effects induced by adenosine and

aglycemia were both antagonized either by the nonselective
adenosine receptor antagonist caffeine (2.5 mM) or by the A1
receptor antagonists 8-cyclopentyl-1,3-dimethylxanthine
(CPT, 1 mM) and 1,3-dipropyl-8-cyclopentylxanthine (CPX,
300 nM). Conversely, these antagonists affected neither the
delayed membrane depolarization/inward current nor the
underlying conductance increase produced by glucose dep-
rivation. The ATP-sensitive potassium channel blockers tol-
butamide (1 mM) and glipizide (100 nM) had no effect on the
aglycemia-induced decrease of EPSP amplitude. Our data
demonstrate that endogenous adenosine acting on A1 re-
ceptors mediates the presynaptic inhibition induced by ag-
lycemia at corticostriatal synapses, whereas ATP-dependent
potassium channels do not play a significant role in this
presynaptic inhibition.
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Clinical consequences of glucose deprivation are the suppres-
sion of encephalographic activity, rapid loss of consciousness,
and irreversible neuronal injury (Auer et al., 1984; Kalimo et
al., 1985; Auer and Siesjo, 1988). Depression of excitatory
synaptic transmission during aglycemia has been reported in
different brain areas (Bachelard et al., 1984; Burke and Nadler,
1989; Crepel et al., 1992; Shoji, 1992). This decrease might be
produced by different mechanisms: (1) a reduction in the
release of excitatory amino acids from the synaptic terminals,
(2) an alteration of postsynaptic glutamate receptors, and (3)
an abnormal coupling of postsynaptic receptors with synaptic
conductances. Alternatively, a decrease of the electrochemical
forces on ions involved in generating synaptic currents also
might contribute to the aglycemia-induced depression of exci-
tatory synaptic transmission (Martin et al., 1994).

Experimental evidence suggests that endogenous adenosine
might represent a possible pathogenetic factor in the aglycemia-
induced depression of synaptic transmission (Martin et al., 1994).

Adenosine is released during aglycemia (Butcher et al., 1987), and
the activation of adenosine receptors causes a presynaptic inhibitory
action on nerve terminals releasing excitatory amino acids in differ-
ent brain areas (Malenka and Kocsis, 1988; Greene and Haas, 1991;
Uchimura and North, 1991; Thompson et al., 1992; Ulrich and
Huguenard, 1995). Moreover, extracellular studies have shown that
adenosine receptor antagonists reduce the aglycemia-induced de-
pression of field potentials in hippocampal slices (Zhu and Krnjevic,
1993). An alternative mechanism that might account for the
aglycemia-induced depression of synaptic transmission is the possible
activation of presynaptic ATP-sensitive potassium channels (Ash-
croft, 1988; Freedman and Lin, 1996).

We have investigated the possible involvement of adenosine
receptors and ATP-sensitive potassium channels in the aglycemia-
induced depression of the excitatory transmission at corticostria-
tal synapses by using intracellular recordings from a brain slice
preparation. Moreover, we also have investigated the presynaptic
action of exogenous adenosine on striatal neurons to compare this
action with the effects produced by glucose deprivation at corti-
costriatal synapses. Morphological findings have shown that the
striatum is highly vulnerable to hypoglycemia (Kalimo et al.,
1985). Because pharmacological and biochemical studies suggest
that corticostriatal projection is one of the most important gluta-
matergic pathways in the brain (Reubi and Cuenod, 1979) (for
review, see Calabresi et al., 1996), overactivity of this projection
might be implicated in the pathogenesis of acute and chronic
neurological disorders involving the basal ganglia (Globus et al.,
1988; Beal, 1995). Stimulation of corticostriatal fibers produces
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EPSPs, which are mediated by the release of endogenous excita-
tory amino acids acting on ionotropic glutamate receptors local-
ized on striatal spiny neurons (Cherubini et al., 1988; Calabresi et
al., 1996). Thus, the aglycemia-induced changes of these poten-
tials might provide information concerning the action of energy
metabolism failure on the corticostriatal transmission.

MATERIALS AND METHODS
Wistar rats (150–250 gm) were used. The preparation and maintenance
of coronal slices have been described previously (Calabresi et al., 1990,
1991, 1995a,b). Briefly, corticostriatal coronal slices (200–300 mm) were
prepared from tissue blocks of the brain with the use of a vibratome. A
single slice was transferred to a recording chamber and submerged in a
continuously flowing Krebs’ solution (35°C, 2–3 ml/min) gassed with 95%
O2/5% CO2. To study glucose metabolism in striatal neurons, we de-
prived slices of glucose by removing glucose totally from the perfusate
and by adding saccharose to balance the osmolarity. In some experiments
the osmolarity was balanced by increasing the NaCl concentration (Jiang
and Haddad, 1992). Because experiments performed by using these
different procedures to replace glucose gave similar results, all of the data
were pooled together. Aglycemic solutions entered the recording cham-
ber no later than 20 sec after a three-way tap was turned. Complete
replacement of the medium in the chamber took ;90 sec, as detected by
the speed of diffusion of a colored solution. The composition of the
control solution was (in mM): 126 NaCl, 2.5 KCl, 1.2 MgCl2, 1.2
NaH2PO4, 2.4 CaCl2, 11 glucose, and 25 NaHCO3.

The intracellular recording electrodes were filled with 2 M KCl (30–60
MV). An Axoclamp 2A amplifier (Axon Instruments, Foster City, CA)
was used for recordings either in current-clamp or in voltage-clamp
mode. In single-microelectrode voltage-clamp mode the switching fre-
quency was 3 kHz. The headstage signal was monitored continuously on
a separate oscilloscope. Current–voltage relationships and changes in
membrane conductance were detected by the application of voltage steps
both in positive and negative directions (1–3 sec duration, 5–15 mV
amplitude). Traces were displayed on an oscilloscope and stored on a
digital system. For synaptic stimulation, bipolar electrodes were used.
These stimulating electrodes were located either in the cortical areas
close to the recording electrode or in the white matter between the cortex
and the striatum to activate corticostriatal fibers. Quantitative data on
modifications induced by aglycemia are expressed as a percentage of the
controls, the latter representing the mean of responses recorded during a
stable period (15–20 min) before the aglycemic phase. Values given in the
text and in the figures are mean 6 SEM of changes in the respective cell
populations. Student’s t test (for paired and unpaired observations) was
used to compare the means. Drugs were applied by dissolving them to the
desired final concentration in the saline and by switching the perfusion
from control saline to drug-containing saline. Glutamate also was applied
by ejecting (pressure application; Picospritzer, General Valve, Fairfield,
NJ) a few nanoliters of a 10–100 mM solution from the tip of a blunt
pipette beneath the surface of the superfusing solution and just above the
tissue slice. 6-Cyano-7-nitroquinoxaline-2,3-dione (CNQX) was obtained
from Tocris Cookson (Bristol, UK). Adenosine and D-2-amino-5-
phosphonovalerate (D-APV) were obtained from Sigma (St. Louis, MO).
Caffeine, CPT, and CPX were purchased from RBI (Natick, MA). Glipi-
zide and tolbutamide were gifts from Dr. N. B. Mercuri (S. Lucia, Rome).
CGS 15943 was a gift from Drs. Ongini and Dionisotti (Schering Plough,
Milano, Italy).

RESULTS
Properties of the recorded cells
In the present study, data from 110 intracellularly recorded stri-
atal spiny neurons were included. The membrane properties of
these neurons previously have been described in vitro (Kita et al.,
1984; Calabresi et al., 1987, 1990, 1991, 1995a,b; Kawaguchi et al.,
1989; Wilson, 1993; Surmeier et al., 1994). The membrane poten-
tial of the recorded cells was 284 6 5 mV. Input resistance was
39 6 8 MV. All of the recorded cells were silent at rest and
showed membrane rectification and tonic firing activity during
depolarizing current pulses. Stimulation of the corticostriatal fi-
bers produced an EPSP that was fully blocked by coadministration
of 10 mM CNQX plus 30 mM APV (n 5 5) (data not shown). These

physiological and pharmacological characteristics are in agree-
ment with previous findings indicating that cortically evoked EP-
SPs are mediated by the release of excitatory amino acids within
the striatum (for review, see Calabresi et al., 1996).

Effect of exogenous adenosine on
corticostriatal EPSPs
Bath application of adenosine produced a dose-dependent and
reversible inhibition of corticostriatal EPSPs (Fig. 1 A,C,D).
This inhibitory action was coupled neither with alterations of
intrinsic membrane properties such as resting membrane po-
tential and current–voltage relationship (n 5 8; Fig. 1 B) nor
with changes of the postsynaptic sensitivity to local pressure
applications of exogenous glutamate (in control medium: 25 6
9 mV, n 5 5; in 30 mM adenosine: 26 6 10 mV, n 5 5; p . 0.05).
As shown in Figure 2, the inhibitory action of adenosine was
antagonized by either CPT or by CPX (data not shown),
adenosine A1 receptor antagonists. In fact, the adenosine-
induced depression of EPSP amplitude (30 mM adenosine 5
256 6 9%) was reduced to 214 6 5% in 1 mM CPT (n 5 4, p ,
0.001) and to 212 6 4% in 300 nM CPX (n 5 4, p , 0.001).
These concentrations of CPT (Fig. 2) and of CPX (data not
shown) not only antagonized the inhibitory action of adeno-
sine, but they also induced a slight but significant increase of
the control EPSP amplitude (CPT: 115 6 4%, n 5 8, p , 0.01;
CPX: 114 6 5%, n 5 8, p , 0.01). Neither CPT nor CPX
affected the intrinsic membrane properties of the five recorded
cells ( p . 0.05). In fact, the resting membrane potential was
285 6 6 mV in CPT (n 5 8) and 284 6 5 mV in CPX (n 5 8),
whereas the input resistance was 38 6 6 MV in CPT (n 5 8)
and 38 6 6 MV in CPX (n 5 8).

Effect of aglycemia on corticostriatal EPSPs
Glucose deprivation produced a progressive decrease of the EPSP
amplitude. This inhibitory action mimicked the adenosine-
induced depression of corticostriatal transmission. In fact, brief
periods of aglycemia (5–10 min) produced a depression of the
EPSP amplitude that was not coupled with changes of the mem-
brane potential, current–voltage relationship, and responses to
the application of exogenous glutamate (Fig. 3). Longer periods
of aglycemia (15–20 min) produced a further decrease of the
EPSP amplitude (Figs. 4, 5, filled circles). However, in this case
the effect on synaptic transmission was coupled with a progressive
membrane depolarization (n 5 20; Fig. 5B) or an inward current
that was associated with an increased membrane conductance
(n 5 12; data not shown). Both the early synaptic inhibition and
the delayed membrane depolarization induced by glucose depri-
vation were fully reversible after the washout of the aglycemic
solutions.

Adenosine receptor antagonists on aglycemia-induced
synaptic depression
To investigate the possible role of endogenous adenosine in the
aglycemia-induced decrease of corticostriatal EPSP, we applied
the glucose-free medium after the incubation of the slices in the
presence of adenosine receptor antagonists. The aglycemia-
induced depression of EPSP was reduced by 0.2 mM caffeine (n 5
5, p , 0.001), a nonselective adenosine receptor antagonist (Fig.
4), and by the A1 adenosine receptor antagonists CPT (1 mM, n 5
7, p , 0.001; Fig. 5) and CPX (300 nM, n 5 6, p , 0.001; Fig. 5).
CPT (n 5 6, p . 0.05) and CPX (n 5 7, p . 0.05) altered neither
the membrane depolarization /inward current induced by glucose
deprivation (Fig. 5B) nor the membrane conductance increase
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coupled with these electrophysiological events (data not shown).
We also tested the effects of CGS 15943, a nonxanthine derivative
showing both A1 and A2 adenosine receptor antagonist action.
This compound, in fact, does not show inhibitory activity on
phosphodiesterases (Dionisotti et al., 1994). Incubation of the
slices with 1 mM CGS 15943 prevented the inhibitory actions of
both exogenous adenosine and aglycemia on the EPSP amplitude.
In fact, in the presence of this antagonist the depression of the
EPSP amplitude induced by 30 mM adenosine was reduced to
214 6 5% (n 5 3), whereas the depression induced by 10 min of
aglycemia was reduced to 210 6 5% (n 5 3). These values were
significantly different from those observed in control medium
( p , 0.001).

Effect of glucose deprivation and adenosine on
paired-pulse facilitation
Paired-pulse modification of neurotransmission has been studied
extensively and is attributed to a presynaptic change in release
probability (Manabe et al., 1993; Schulz et al., 1994). An increase
in the ratio of the second pulse response to the first pulse response
(EPSP2/EPSP1) indicates a decrease in the release probability.
The decrease in transmitter release probability is consistent with
the observations that manipulations depressing transmitter re-
lease usually increase the magnitude of this ratio. Therefore, we
measured the magnitude of EPSP2/EPSP1 before, during, and
after the application of glucose-free medium and of adenosine.
Synaptic responses to a pair of stimuli were recorded with inter-
stimulus interval of 60 msec. As shown in Figure 6, the application

of glucose-free medium reversibly increased the magnitude of
EPSP2/EPSP1 in all of the neurons tested (n 5 7, p , 0.001). This
effect also was mimicked by exogenous adenosine (n 5 6, p ,
0.001; Fig. 6).

Blockers of ATP-dependent potassium channels on
aglycemia-induced synaptic depression
Because it has been postulated that ATP-dependent potassium
channels might play a role in the decrease of excitatory transmis-
sion during energy deprivation (Ashcroft, 1988; Martin et al.,
1994; Freedman and Lin, 1996), we have studied whether the
incubation of the slice in the presence of the ATP-dependent
potassium channel blockers tolbutamide and glipizide could affect
the aglycemia-induced depression of corticostriatal transmission.
Tolbutamide (1 mM, n 5 5, p . 0.05) and glipizide (100 nM, n 5
5, p . 0.05) failed to alter the inhibitory action of glucose
deprivation (Fig. 7). Moreover, these antagonists did not modify
the intrinsic membrane properties of the recorded cells and the
EPSP amplitude measured under control conditions.

DISCUSSION
Main findings
The present study demonstrates that adenosine as well as brief
periods (5–10 min) of glucose deprivation exert a prominent
presynaptic inhibitory action at corticostriatal synapses. In fact, in
both of these conditions the reduction of the EPSP amplitude was
associated neither with alterations of postsynaptic intrinsic mem-

Figure 1. Exogenous adenosine medi-
ates a presynaptic inhibitory effect at
corticostriatal synapses. A, The graph
shows a dose–response curve for the
adenosine-induced inhibition of the
EPSP amplitude. Each data point was
obtained from at least four single exper-
iments. B, The graph shows the current–
voltage relationship measured in several
spiny striatal neuron before ( filled cir-
cles) and during the application of 100
mM adenosine (5 min of application,
open circles). The points were obtained
by measuring the steady-state current
during the application of voltage steps
(1–3 sec duration) both in positive and
negative directions from the holding po-
tential. Each data point was obtained
from at least four single observations.
The horizontal line indicates the 0 cur-
rent level at the resting membrane po-
tential (285 mV). The inset shows an
example of a voltage step producing a
current response that is not altered by
adenosine (5 min, 100 mM). C, The trace
shows the chart record of the membrane
potential and EPSP amplitude (upward
deflections) before, during (black bar),
and after the application of 100 mM
adenosine. The resting membrane po-
tential (RMP) was 286 mV. D, The
traces show EPSPs recorded at high
sweep speed before (a), during (b), and
after (c) application of 100 mM adeno-
sine (at the time indicated in C).
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brane properties of the recorded neurons nor with changes of the
postsynaptic sensitivity to exogenous glutamate. A presynaptic site
of action for both adenosine and aglycemia is suggested also by
the increase in paired-pulse facilitation. A presynaptic inhibitory
action of adenosine on corticostriatal transmission has been pos-
tulated previously (Malenka and Kocsis, 1988; Lovinger and Choi,
1995). Accordingly, our intracellular experiments clearly demon-
strate that this presynaptic inhibition is not coupled with signifi-
cant changes of the postsynaptic properties that we measured.
Moreover, we have shown that endogenous adenosine plays a
major role in the aglycemia-induced presynaptic inhibition of
glutamate release at corticostriatal synapses. In fact, this depres-
sant effect was greatly reduced either by caffeine, a nonselective
adenosine receptor antagonist, or by CPT and CPX, adenosine A1
receptor antagonists. Accordingly, the presence of adenosine A1
receptors located on corticostriatal terminals has been postulated
previously (Alexander and Reddington, 1989). Interestingly, we
also found that adenosine A1 receptor antagonists produced, per
se, a slight but significant increase of EPSP amplitude, suggesting
that endogenous adenosine does influence corticostriatal trans-
mission not only during energy deprivation but also in physiolog-
ical conditions. Conversely, tolbutamide and glipizide, blockers of

ATP-dependent potassium channels, did not affect the presynap-
tic inhibitory action of aglycemia, suggesting that these channels
might play a role in the modulation of the postsynaptic responses
to energy deprivation, but they are not involved in the control of
glutamate release in the striatum during aglycemia. The latter
observation is in line with data obtained in other brain areas
showing that blockers of ATP-dependent potassium channels do
not influence the synaptic changes induced by glucose deprivation
(Shoji, 1992; Zhu and Krnjevic, 1993).

Comparison with other studies
Adenosine blocks excitatory synaptic transmission by suppressing
transmitter release in several brain areas (Siggins and Schubert,
1981; Proctor and Dunwiddie, 1987; Greene and Haas, 1991;
Scholz and Miller, 1991; Lupica et al., 1992; Prince and Stevens,
1992; Thompson et al., 1992). This presynaptic inhibitory action,
however, usually is associated with postsynaptic changes such as
membrane hyperpolarization and increased conductance (Siggins
and Schubert, 1981; Proctor and Dunwiddie, 1987; Greene and
Haas, 1991; Pape, 1992; Thompson et al., 1992). Interestingly, also
in the nucleus accumbens, a brain area that shares a similar
cytological organization with the dorsal striatum, adenosine-

Figure 2. Adenosine A1 receptors mediate
the presynaptic inhibition induced by exoge-
nous adenosine. The graph shown at the top
represents a single experiment in which, under
control conditions, bath application of 30 mM
adenosine strongly depressed EPSP amplitude,
whereas in the presence of 1 mM CPT this
inhibitory action was reduced significantly.
Note that CPT produced a slight increase of
the EPSP amplitude. Single traces at the bot-
tom were obtained from the same experiment
shown in the graph. RMP was 285 mV.
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induced blockade of excitatory synaptic transmission is coupled
with a membrane hyperpolarization and an increased conduc-
tance (Uchimura and North, 1991). Thus, our finding that aden-
osine exerts a selective presynaptic action on spiny neurons re-
corded from dorsal striatum suggests that in these cells adenosine
exerts a particular modulatory function by affecting presynaptic
mechanisms in the absence of postsynaptic changes.

The electrophysiological effects reported in various brain re-
gions after aglycemia strongly resemble the changes observed in
the presence of exogenous adenosine. In fact, during glucose
deprivation both inhibition of excitatory transmission and mem-
brane hyperpolarization have been reported in hippocampus
(Bachelard et al., 1984; Spuler et al., 1988; Burke and Nadler,
1989; Knopfel et al., 1990; Crepel et al., 1992) and in the dorso-
lateral septal nucleus (Shoji, 1992). We found that brief periods
(5–10 min) of aglycemia, as well as exogenous adenosine, selec-

tively cause presynaptic inhibition in the striatum. Longer periods
of aglycemia (15–30 min) were required to induce postsynaptic
changes. We recently have characterized these postsynaptic
changes in two neuronal striatal subtypes (Calabresi et al., 1997b).
Prolonged aglycemia (15–30 min) depolarizes spiny neurons while
it hyperpolarizes large aspiny interneurons; both of these mem-
brane potential changes are mediated by postsynaptic mecha-
nisms. Interestingly, adenosine A1 receptor antagonists reduced
the aglycemia-induced presynaptic inhibitory effect (present
study), but they did not antagonize the postsynaptic changes
observed in these two striatal subpopulations during glucose
deprivation (Calabresi et al., 1997b). Accordingly, it has been
reported that A1 receptor antagonism can delay the hypoxia-
induced depression of synaptically evoked excitatory potentials in
hippocampal slices (Fowler, 1989; Katchman and Hershkowitz,
1993; Khazipov et al., 1995). However, if energy deprivation is

Figure 3. Brief periods of aglycemia
cause presynaptic inhibition at corticos-
triatal synapses. A, The graph represents
the current–voltage relationship obtained
from single-microelectrode voltage-clamp
experiments before ( filled circles) and
during (10 min, open circles) glucose dep-
rivation. The data points were obtained by
measuring the steady-state current during
the application of voltage steps (1–3 sec
duration) both in positive and negative
directions from the holding potential.
Each data point was obtained from at
least four single experiments. The hori-
zontal line indicates the 0 current level at
the resting potential (285 mV). B, The
trace shows the chart record of the mem-
brane potential and EPSP amplitude (up-
ward deflections) before, during (black
bar), and after the application of aglyce-
mic medium (resting membrane potential
was 285 mV). C, The traces show EPSPs
recorded at high sweep speed before (a),
during (b), and after (c) aglycemia. Traces
were obtained from the same experiment
shown in B. D, Shown are the membrane
depolarizations induced by the pressure
application of exogenous glutamate (1
mM) before (a), during (10 min, b), and
after (10 min, c) glucose deprivation.
RMP was 284 mV. E, The traces illus-
trate inward currents produced by pres-
sure applications of glutamate (1 mM) be-
fore (a), during (10 min, b), and after (10
min, c) aglycemia. The holding potential
was constant (285 mV) throughout the
experiment.
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continued, synaptic depression still occurs in the presence of
adenosine antagonists, albeit after a longer delay and at a slower
rate (Gribkoff et al., 1990). Thus, we have to conclude that, during
sustained energy metabolism failure, other mechanisms, indepen-
dent of endogenous adenosine, contribute to the depression of
excitatory synaptic transmission.

Possible mechanisms underlying presynaptic inhibition
and functional implications
Adenosine blocks voltage-dependent calcium channels (Dolphin
et al., 1986; Scholz and Miller, 1991; Mogul et al., 1993) and
inhibits presynaptic calcium fluxes (Wu and Saggau, 1994). Thus,
it is likely that the major mechanism underlying the aglycemia-
induced EPSP inhibition is represented by the blockade of pre-
synaptic calcium channels via the activation of adenosine A1
receptors. Alternatively, endogenous adenosine may act presyn-
aptically to inhibit release at a point downstream from the calcium
channels rather than or in addition to inhibiting the calcium
channel function. It is also possible that adenosine activates pre-
synaptic potassium channels and attenuates evoked neurotrans-
mitter release by hyperpolarizing the presynaptic membrane.

Xanthine-like compounds might interact with phosphodiester-
ases. However, two findings indicate that the pharmacological
effects of CPT and CPX in our experiments are not dependent on
the modulation of phosphodiesterases. First, we recently have
assayed the possible inhibitory activity of CPX on cGMP and
cAMP phosphodiesterase in corticostriatal extracts. In fact, using
the method described by Thompson and Appleman (1971) on
corticostriatal extracts, we have found that 300 nM CPX gave very
little inhibitory effect on phosphodiesterase activity: 3.2 6 0.2%
(n 5 4) on cAMP phosphodiesterase activity and 2.7 6 0.02%
(n 5 4) on cGMP phosphodiesterase activity (P. Calabresi and M.
Giorgi, unpublished observation). Second, the antagonistic effects
of CPX and CPT on the adenosine and aglycemia-induced reduc-
tion of the EPSP amplitude are mimicked by the nonxanthine
adenosine receptor antagonist CGS 15943.

Extracellular levels of adenosine can increase after a high
metabolic demand, including hypoglycemia, hypoxia, and seizure
activity (Snyder, 1985; Geiger and Nagy, 1990; Greene and Haas,
1991). This increase is attributable, most likely, to net breakdown
of intracellular ATP to ADP and AMP. Adenosine, derived from
intracellular AMP, is released from the cell by a nucleoside
transporter (Martin et al., 1994). Adenosine also may be derived
from extracellular AMP, because 59-ectonucleotidase can metab-
olize the AMP to adenosine extracellularly.

It has been shown recently that coactivation of metabotropic and
b-adrenoreceptors on glia in area CA1 of hippocampus induces a
large synergistic increase in cAMP accumulation, which provides the
source for the formation of extracellular adenosine. This transmitter,
in turn, activates presynaptic A1 adenosine receptors located on the
terminals of Schaffer collateral and reduces the release of glutamate
from these fibers (Winder et al., 1996). Thus, it is possible that glial
elements play a role in the formation of endogenous adenosine
during aglycemia in the corticostriatal system.

A cytoprotective role of adenosine and adenosine analogs has
been demonstrated in experimentally induced cerebral ischemia
(Ramkumar et al., 1995). Several mechanisms have been postulated
to mediate this neuroprotection: interaction with antioxidant en-
zymes, activation of potassium channels, inhibition of calcium influx,
and inhibition of neurotransmitters such as glutamate (for review,
see Ramkumar et al., 1995). Our study suggests that the latter
mechanism might play a role in the pathophysiology of corticostriatal
transmission during metabolic stress. By using in vivo microdialysis in
the freely moving rat, researchers recently have reported an accu-
mulation of extracellular adenosine in the hippocampus and in the
striatum during lights-off periods (Huston et al., 1996). These authors
have suggested that this transmitter plays a possible role in the
regulation of sleep and in some motor and nonmotor behavioral

Figure 4. The inhibitory action of aglycemia on corticostriatal synaptic
transmission is antagonized by caffeine. The graph represents the time
course of the aglycemia-induced depression of the EPSP amplitude in
control conditions ( filled circles) and in the presence of 0.2 mM caffeine
(open circles). Each data point was obtained from at least four single
experiments.

Figure 5. A1 receptor antagonists reduce the aglycemia-induced presyn-
aptic inhibition, but not the delayed membrane depolarization, caused by
glucose deprivation. A, The graph represents the time course of the
aglycemia-induced depression of the EPSP amplitude under control con-
ditions ( filled circles), in the presence of 1 mM CPT (open circles), and in
the presence of 300 nM CPX ( filled diamonds). B, The graph shows the
time course of the aglycemia-induced delayed membrane depolarization
under control conditions ( filled circles), in the presence of 1 mM CPT
(open circles), and in the presence of 300 nM CPX ( filled diamonds). Each
data point was obtained from at least four single experiments.
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activities related to these brain areas (Huston et al., 1996). Thus, the
adenosine-mediated depression of corticostriatal transmission during
aglycemia might account for some of the behavioral changes ob-
served after acute glucose deprivation.
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