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Adenosine is present in the mammalian brain in large amounts and has potent effects ony
neuronal activity, but its role in neural signaling is poorly understood. The glutamate receptors
agonist N-methyl-D-aspartate (NMDA) caused a presynaptic depression of excitatory syn-E
aptic transmission in the CA1 region of guinea pig hippocampal slices. This depression wasg
blocked by an adenosine A1 receptor antagonist, which suggests that activation of the NMDAZ
subtype of glutamate receptor raises the concentration of extracellular adenosine, which actsc
on presynaptic inhibitory A1 receptors. Strong tetanic stimulation caused a heterosynaptics,
inhibition that was blocked by both NMDA and A1 receptor antagonists. Enkephalin, whichc
selectively inhibits intemeurons, antagonized the heterosynaptic inhibition. These findings®
suggest that synaptically released glutamate activates NMDA receptors, which in tum re-E
leases adenosine, at least in part from intemeurons, that acts at a distance to inhibit pre-3

synaptically the release of glutamate from excitatory synapses. Thus, interneurons mayC

mediate a widespread purinergic presynaptic inhibition.

Adenosine is a purine that is present in
large amounts in the mammalian brain (1).
When applied to brain slices, adenosine
exerts a powerful presynaptic inhibition of
excitatory synaptic transmission, which is
mediated by A1 receptors (2). Furthermore,
the concentration of extracellular adeno-
sine is increased during hypoxia (3), synap-
tic stimulation (4), and the application of
glutamate (5, 6). The NMDA subtype of
glutamate receptor is necessary for gluta-
mate-evoked elevation of the concentra-
tion of adenosine, and this effect is Ca?™-
dependent (6). However, the source of this
adenosine and the physiological mecha-
nisms that control its concentration in the
extracellular space are not known. We used
here the hippocampal slice preparation in
conjunction with electrophysiological tech-
niques to address these issues.

We used standard techniques for pre-
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paring guinea pig hippocampal slices (7) S
Application of NMDA to the bath caused’-
a depression in excitatory synaptic trans-q,a
mission, as described (8). Although them
depression of field potentials is partly due—
to the direct depolarization of the;
postsynaptic cells, a number of observal
tions indicate that this cannot fully ac-
count for the depression. First, the depres-
sion was of similar magnitude when the
postsynaptic depolarization at the soma
was prevented with whole-cell voltage
clamping (Fig. 1). Second, the inhibition
lasted longer than the inward current in-
duced directly by NMDA (Fig. 1B; com-
pare top and bottom graphs). Third, the
inhibition was associated with a clear in-
crease in paired-pulse facilitation (PPF)
of excitatory transmission (Fig. 1, A and
C) (227 = 36% of the control, n = 11), a
presynaptic phenomenon that is very sen-
sitive to changes in transmitter release.
Fourth, after the application of NMDA
there was a marked, transient reduction of
the frequency of spontaneous excitatory
postsynaptic currents (EPSCs) (n = 5)
(Fig. 1D). During this reduction in fre-
quency, there was no significant change
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in the distribution of amplitudes of spon-
taneous EPSCs in any of the five experi-
ments (P > 0.05, Kolmogorov-Smirnov
test) (Fig. 1E).

Our findings suggest that a brief appli-
cation of NMDA results in a presynaptic
inhibition of excitatory synapses that out-
lasts the direct postsynaptic action and sug-
gest that the inhibition may be mediated by
a substance released by NMDA receptor
activation. We first considered nitric oxide
(NO), because NMDA can release NO (9)
and NO can inhibit excitatory synapses
(10). However, the inhibitor of NO syn-
thase N-w-nitro-L-arginine (200 pM) failed
to alter the inhibitory action of NMDA (n
= 4). Another possible candidate for medi-
ating this inhibitory action is y-aminobu-

tyric acid (GABA) acting on presynaptic
GABAp receptors, but the selective
GABAj, receptor antagonist CGP 35348
(500 uM) had no effect on the NMDA-
induced depression (n = 3). Because
NMDA can increase the concentration of
adenosine (6) and adenosine inhibits exci-
tatory synapses by acting on presynaptic Al
receptors (2), we tested the effect of the
adenosine Al receptor antagonist 8-cyclo-
pentyltheophylline (CPT) on NMDA-in-
duced inhibition. This specific antagonist
considerably enhanced baseline synaptic
transmission as a result of its blockade of
the tonic presynaptic inhibitory action of
ambient adenosine (11). In the presence of
CPT, the NMDA-induced inhibition was
markedly reduced (n = 9) (Fig. 1F) (12).
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Fig. 1. NMDA induces a presynaptic depression of CA1 excitatory synaptic transmission, which is
blocked by an adenosine A1 receptor antagonist. (A) Sample traces of whole-cell recording from a CA1
pyramidal cell (holding potential = —80 mV). Paired-pulse facilitation was elicited by stimulating the input
twice with a 40-ms interval. Bath application of 10 uM NMDA for 3 min induced a robust depression of
excitatory transmission, which completely recovered after 15 to 20 min of washing. The depression was
accompanied by an increase in the facilitation ratio (compare the EPSC observed during the depression
scaled to the EPSC after washout). (B) ( Top) Time course of the NMDA-induced depression of the EPSC
[same cell as in (A)]. (Bottom) Application of NMDA also directly induced an inward current in the
postsynaptic neuron. (C) Average of all the experiments where 10 uM NMDA was applied in the bath for
1 to 3 min to induce depression (n = 11). (Top) NMDA caused a decrease in the EPSC amplitude.
Complete recovery was obtained after a 20-min washout. (Bottom) The corresponding modification of
the presynaptic activity, documented by the increase in the facilitation ratio (227 + 36% after 3 min, n =
11). (D) The frequency of spontaneous EPSCs is transiently reduced after the application of NMDA. The
control frequency, which averaged 1.63 = 0.15 Hz, was normalized to 100% for each experiment and
then averaged (n = 5). (E) A plot of the cumulative frequency distribution of spontaneous EPSC ampli-
tudes before (broken line) and after the application of NMDA (solid line) for the experiments illustrated in
(D). (The broken and dotted lines are superimposed.) Data from the five individual experiments were
pooled, and the average distributions are shown (mean = SEM). (F) The NMDA-induced depression of
synaptic transmission was partially inhibited by CPT, an adenosine A1 receptor antagonist. A summary
of all the whole-cell experiments (n = 9) is as follows: after a stable base line was recorded, NMDA was
applied in the bath to induce the control depression. After complete recovery, 40 uM CPT was perfused.
The blockade of the presynaptic inhibitory A1 receptors increased the basal synaptic transmission about
twofold. After 20 to 30 min of CPT treatment, the inhibitory effects of NMDA were reduced.
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This effect was not due to an action of CPT
on NMDA receptors because responses
evoked by NMDA iontophoresis were un-
affected by CPT (13). Because the action
of CPT was very slowly reversible, we did
not examine routinely the washout of this
effect.

Synaptic release of glutamate by strong
tetanic stimulation also caused an inhibi-
tion like that seen with exogenous agonist
application. In these experiments two in-
dependent, but overlapping, pathways
were stimulated. Tetanic stimulation of
one pathway resulted in a heterosynaptic
inhibition of the other pathway, which
could be seen with either whole-cell re-
cording (Fig. 2, A and B) or field poten-
tial recording (Fig. 2, C through F, and
Fig. 3). The duration of this inhibition varied
from 5 to 15 min, depending on the strength
of the stimulus in the tetanized pathway. Both
the a-amino-3-hydroxy-5-methyl-4-isox-
azolepropionic acid (AMPA) (n = 11) (Fig.
2A) and NMDA (n = 12) (Fig. 2B) compo-
nents of the EPSC recorded with whole-cell
pipettes exhibited a heterosynaptic inhibition
of similar magnitude (14-16). The PPF, re-
corded with whole-cell pipettes, was increased
to 215 * 48% (n = 10) during this inhibi-
tion, which suggests a presynaptic mechanism
(15). Although the GABA}, receptor antag-
onist CGP 35348 blocks a much shorter
lasting (~1 s) form of heterosynaptic depres-
sion (17), it had no effect on this phenome-
non (n = 6). Heterosynaptic inhibition was
blocked by the NMDA receptor antagonist
D-2-amino-5-phosphonovaleric acid (APV)
(25 to 50 pM) (16), as shown in Fig. 2C for
a single experiment and in Fig. 2D, a summary
of all experiments (n = 9). The inhibition
was also antagonized by the Al receptor
antagonist CPT. An example is shown in Fig.
2E, and a summary of all experiments is
shown in Fig. 2F (n = 9) (I8). As is the case
in the experiments with NMDA application,
CPT caused an increase in synaptic responses,
and therefore the stimulus strength was de-
creased to evoke control-sized responses be-
fore the effect of CPT on heterosynaptic
inhibition was examined (19). Although the
effect of APV was reversed within 20 min of
washing, the effect of the Al receptor antag-
onist only partially reversed after an hour
wash.

These results suggest that synaptically
released glutamate activates NMDA recep-
tors, which increases the concentration of
extracellular adenosine, resulting in the in-
hibition of glutamate release from excitato-
ry synapses. What cellular compartment is
responsible for this NMDA receptor—de-
pendent elevation in extracellular adeno-
sine concentration? Potential sources in-
clude glial cells, synaptic terminals, inter-
neurons, and pyramidal cells. Although it is
not possible with the available evidence to
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unequivocally identify the source, there
are a number of findings relevant to this
issue. Although an indirect action of glu-
tamate on glia cells cannot be excluded, a
direct action seems unlikely as NMDA
receptors are rarely seen on this cell type
(20). Synaptic terminals, either excitato-
ry or inhibitory, also appear to be an
unlikely major source because an NMDA

i

receptor—dependent rise in adenosine
concentration is not observed in synapto-
somal preparations (21).

This leaves either interneurons or py-
ramidal cells as the likely source. Previous
studies have shown that opioid receptors
are selectively localized on interneurons
in the CA1l region (22) and that activa-
tion of these receptors hyperpolarizes in-
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terneurons (23) and also inhibits trans-
mitter release from their terminals (24).
We therefore used the opioid peptide en-
kephalin to suppress selectively interneu-
ronal function. Enkephalin partially in-
hibited the heterosynaptic inhibition,
and this effect was completely reversible.
An example of a typical experiment is
shown in Fig. 3A, and a summary of all

Fig. 2. High-frequency synaptic stimulation evokes a het- A B
erosynaptic depression of excitatory synaptic transmis- 125¢ —\:125 }
sion. (A) Two independent pathways were stimulated with ~__ oo} 2-¢ 4 - R ST P :*; 100 -+-0-9‘-° -------------------
two sets of bipolar stimulating electrodes, and the EPSCs & + + + L) tot @ 75 + + 4 t + $ t
of one pathway were recorded at a holding potential of 8 + + + w o 4 ++ +
—80 mV with whole-cell pipettes (test pathway). In the & 5of +++ g §++
other pathway, a 100-Hz, 1-s tetanus (arrows in this and 25¢ § 2% ¢
subsequent panels) was applied to induce heterosynaptic 0g 3 s —s 0g 3 0 15
depression of the EPSCs in the test pathway. (B) A similar Time (min) Time (min) o
heterosynaptic inhibition was observed on the pharmaco- C E o2 } } =
logically isolated NMDA component of the EPSC (74). (C) 25 25 uM APV — o1 W ,&" Q
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heteros i i 2020 o, % = 00 N
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shown in (C) in which the effect of D-APV (25 to 50 M) on § 0.05 : :’ * . ° i , ) N : g
the heterosynaptic depression was examined. The left panel g ’ w o
shows the average of the control depression in nine slices. 0.00 i-" . 02 MM z
As shown in the middle graph, bath-applied D-APV sup- -0 0 10 20 30 40 50 60 70 00 5
pressed this depression, although it recovered after about D Time (min) F %0 50 50 o
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ed. (F) Summary graph of this series of experiments. On the left is shown  CPT, the depression was significantly inhibited (right). )
3
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experiments is shown in Fig. 3B (n = 7).
The metabolically stable analog D-ala-
nine-D-leucine-enkephalinamide had a
similar, but less rapidly reversible effect (n
= 5). A similar reduction in the het-
erosynaptic inhibition of the NMDA re-
ceptor component of the EPSC was also
observed: 2 min after the tetanus, the
NMDA EPSC amplitude was 49 = 18% of
the control and in the presence of 20 uM
enkephalin was 88 = 20% of the control
(n = 4). Enkephalin had no effect on the
response to exogenously applied adeno-
sine (n = 3), ruling out an effect on the
uptake or action of adenosine. These re-
sults suggest that interneurons, which
have synaptic NMDA receptors (25), are
a source for a portion of the adenosine,
although pyramidal cells could serve as an
additional source.

The heterosynaptic inhibition described
above could result either from the release of
adenosine itself or, alternatively, from the
release of the metabolic precursors of aden-
osine, adenosine triphosphate (ATP) or 5’
adenosine monophosphate (5'-AMP) (1).
We favor a direct action of released aden-
osine, because the application of a,8-meth-
ylene ADP (500 uM), an inhibitor of ecto-
5’-nucleotidase (6, 26), which converts 5’-
AMP to adenosine, had no effect on het-
erosynaptic inhibition (n = 8). Such a
finding is in accord with neurochemical
studies in which a,B-methylene ADP had
little effect on the NMDA-induced release
of adenosine (6).

In summary, we have presented here ev-
idence that activation of NMDA receptors
on hippocampal interneurons can release
adenosine, which acts at a distance to in-
hibit the release of glutamate from excita-
tory synapses (Fig. 4). The actual mecha-
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Fig. 4. Proposed mechanism for the synaptic
control of extracellular adenosine in the CA1
region of the hippocampus. NMDA receptor
(NMDA-R) activation by a strong tetanus of exci-
tatory afferent fibers or by extracellular application
of NMDA causes release of adenosine from the
interneuron, presumably through a Ca?*-depen-
dent mechanism, which then gives rise to a wide-
spread presynaptic inhibition of excitatory synap-
tic transmission by activating presynaptic adeno-
sine A, receptors.

nism by which NMDA receptors on inter-
neurons or other cells cause the release of
adenosine is unclear. Because the primary
excitatory drive during a tetanus is provided
by the non-NMDA receptors, the fact
that NMDA receptor antagonists essential-
ly abolish heterosynaptic inhibition raises
the possibility that local Ca’* entering
through the synaptic NMDA receptors is
responsible for the Ca?*-dependent release
of adenosine.
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