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Glutamate Released from Glial Cells Synchronizes Neuronal
Activity in the Hippocampus

Maria Cecilia Angulo,"> Andrei S. Kozlov,' Serge Charpak,' and Etienne Audinat'
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Glial cells of the nervous system directly influence neuronal and synaptic activities by releasing transmitters. However, the physiological
consequences of this glial transmitter release on brain information processing remain poorly understood. We demonstrate here in
hippocampal slices of 2- to 5-week-old rats that glutamate released from glial cells generates slow transient currents (STCs) mediated by
the activation of NMDA receptors in pyramidal cells. STCs persist in the absence of neuronal and synaptic activity, indicating a nonsyn-
aptic origin of the source of glutamate. Indeed, STCs occur spontaneously but can also be induced by pharmacological tools known to
activate astrocytes and by the selective mechanical stimulation of single nearby glial cells. Bath application of the inhibitor of the
glutamate uptake pL-threo-3-benzyloxyaspartate increases both the frequency of STCs and the amplitude of a tonic conductance medi-
ated by NMDA receptors and probably also originated from glial glutamate release. By using dual recordings, we observed synchronized
STCs in pyramidal cells having their soma distant by <100 pum. The degree of precision (<100 msec) of this synchronization rules out the
involvement of calcium waves spreading through the glial network. It also indicates that single glial cells release glutamate onto adjacent
neuronal processes, thereby controlling simultaneously the excitability of several neighboring pyramidal cells. In conclusion, our results

show that the glial glutamate release occurs spontaneously and synchronizes the neuronal activity in the hippocampus.
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Introduction
In the brain, glial cells are in close apposition with neurons, and
synapses are very often ensheathed by glia processes (Schikorski
and Stevens, 1997; Grosche et al., 1999; Ventura and Harris, 1999;
Auld and Robitaille, 2003). This anatomical feature allows glial
cells to sense neuronal activity with receptors specific for various
neurotransmitters (for review, see Verkhratsky et al., 1998;
Haydon, 2001). However, glial cells can also release neuroac-
tive transmitters (for review, see Nedergaard et al., 2002; Auld
and Robitaille, 2003; Newman, 2003). Synapses are thus now
considered tripartite structures, where glial cells activated by
the release of neurotransmitters from the presynaptic neuro-
nal element can feed back onto both presynaptic and postsyn-
aptic neurons by releasing “gliotransmitters” (Araque et al.,
1999, 2001).

The most widely studied gliotransmitter is the excitatory
amino acid glutamate. Its release evoked by the selective activa-
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tion of glial cells has been originally demonstrated in cocultures
of astrocytes and neurons where it activates neuronal ionotropic
as well as metabotropic glutamate receptors and modulates syn-
aptic transmission (Parpura et al., 1994; Araque et al., 1998a,b,
2000; Parpura and Haydon, 2000). In acute slices of the hip-
pocampus and of the cerebellum, direct depolarization of glial
cells also modulates the frequency of miniature postsynaptic cur-
rents by activating ionotropic glutamate receptors (Kang et al.,
1998; Brockhaus and Deitmer, 2002). Calcium imaging experi-
ments in hippocampal slices have also shown that activation of
astrocytes by neuronal stimulations or applications of glutamate
agonists, or of prostaglandin E, (PGE,), induces calcium signals
in neighboring neurons, which are blocked by antagonists of
ionotropic glutamate receptors and, thus, probably result from a
release of glutamate by astrocytes (Pasti et al., 1997; Bezzi et al.,
1998).

In addition to their mobilization in response to synaptic ac-
tivity, glial cells also display some forms of intrinsic activity in the
absence of neuronal stimulation. Indeed, in acute slices of the
cortex, hippocampus, and thalamus, intracellular calcium oscil-
lations have been observed in astrocytes in the absence of neuro-
nal activity (Parri et al., 2001; Aguado et al., 2002; Nett et al.,
2002). Furthermore, spontaneous waves of calcium oscillations
can propagate between neighboring thalamic astrocytes and
modulate the activity of neurons located along the wave path
(Parri et al., 2001). Therefore, it seems that glial cells can also
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shape neuronal activity in response to interactions within glial
cell networks as they do in response to neuronal activity. In the
present study, we aimed to determine whether the excitability of
hippocampal pyramidal neurons is influenced by the spontane-
ous activity of glial cells. We focused on glutamatergic transmis-
sion and found that, indeed, pyramidal neurons are excited by
glutamate release resulting from the spontaneous activity of glial
cells and that neighboring neurons are synchronized by this glial
activity.

Materials and Methods

Slice preparation. Hippocampal slices (300380 um) were prepared from
Wistar rats at postnatal day 11 (P11) to P40 (Edwards et al., 1989).
Immediately after slicing, the CA3 region was cut at 4°C in the presence of
1 uM tetrodotoxin (TTX). Then, the slices were transferred to an incu-
bation chamber and maintained either at room temperature or at 34°Cin
an oxygenated physiological solution containing (in mm): 126 NaCl, 2.5
KCl, 1.25 NaH,PO,, 26 NaHCO;, 1 CaCl,, 2 MgCl,, 20 glucose, 5 pyru-
vate. Incubating the slices at different temperatures did not influence the
presence of both tonic and transient glutamatergic currents; thus, data
were pooled.

For recordings, slices were perfused in a chamber at 2-3 ml/min with a
similar physiological solution containing 2 mm CaCl,, 0 mm MgCl,, and
a 100 uM concentration of the GABA , antagonist picrotoxin. Most of the
recordings were also performed in the presence of 0.5 um TTX, which
blocks action potential propagation in neurons (data not shown), and at
34°C. The effect of the vesicular H "-ATPase inhibitors bafilomycin Al
or concanamycin A was tested in slices preincubated in the presence of
the drug at 34°C for 2 hr and 30 min. For this type of experiment, control
slices were incubated at 34°C on the same day in the absence of drugs.

Electrophysiology. Glial cells and neurons were identified using infra-
red videomicroscopy. Whole-cell patch-clamp recordings were per-
formed from pyramidal neurons in the subiculum and CA1 regions. For
recordings performed near the resting membrane potential (—80 mV),
patch pipettes were filled with an internal solution containing (in mm):
120 K-gluconate, 15 Na-gluconate, 3 MgCl,, 0.2 EGTA, 10 HEPES, 10
phosphocreatine, 4 ATP, and 0.3 GTP, pH 7.2-7.4. For recordings at +40
mV, the internal solution contained (in mm): 100 Cs-gluconate, 10 TEA-
Cl, 3 N-ethyl bromide quaternary salt, 4 4-AP, 4 NaCl, 1 MgCl,, 10
BAPTA, 10 HEPES, 5 phosphocreatine, 2 ATP, 0.3 GTP, pH 7.2-7.4. [-V
curves of transient currents were obtained with an extracellular solution
containing 1 mm CaCl,, 1 mm MgCl,, and 0.5 um TTX and an intracel-
lular solution containing (in mm): 120 CsCl, 10 TEA-CI, 0.2 EGTA, 20
HEPES, 10 phosphocreatine, 4 ATP, 0.3 GTP, pH 7.2-7.4. For all record-
ings performed with K-gluconate or Cs-gluconate in the pipette, poten-
tials were corrected for a junction potential of —10 mV.

To stimulate single glial cells in hippocampal slices while recording
from pyramidal cells, the tip of a second patch pipette was brought in
contact with the soma of a glial cell located at 10-50 um from the
soma or the apical dendrite of the recorded neuron. A gentle suction
was then applied to this pipette to stimulate mechanically the glial
cell. In some cases, this led to the formation of a gigaseal, which
allowed us to perform subsequently a whole-cell recording to confirm
the identity of glial cells on the basis of electrophysiological properties
(see Fig. 5A, inset).

Data collection and analysis. Whole-cell recordings were obtained us-
ing two patch-clamp amplifiers (Axopatch 200A and 200B; Axon Instru-
ments, Union City, CA) and filtered at 1-2 kHz. Series resistances were
monitored throughout the experiments, but they were not compensated.
Digitized data were acquired at 10 kHz and analyzed off-line using
pClamp 8.2 and 9.0 software (Axon Instruments).

The 10-90% rise time of slow transient currents (STCs) was first mea-
sured from recordings performed in slices pretreated with H "-ATPase
inhibitors, in which neuronal synaptic currents were abolished (see Re-
sults). In this condition, only 2.5% of the spontaneous transient currents
had a rise time <10 msec. For all recordings, we thus considered tran-
sient currents with rise times >10 msec as STCs of nonsynaptic origin.

The mean frequency of STCs was determined for each neuron as the
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number of events per minute during a period from 2 to 15 min. For
pharmacological studies, the low frequency of these currents imposed to
represent the frequency as a function of time as follows. First, events were
sorted using 3 min periods (bins). Second, each bin was then normalized
to the bin showing the maximum value (i.e., the maximum bin varied in
time from cell to cell). Finally, a normalized histogram for cells recorded
in similar conditions was averaged.

The statistical significance of the difference between means of two
samples was computed with Student’s  test. When at least three samples
were compared, an ANOVA test was first used to show that the samples
came from distributions with different means; then, Dunnett or Tukey
tests were used on each pair of samples. The probability that data from
two distributions belong to the same population was determined with the
Kolmogorov—Smirnov test. Statistical data are given as mean = SEM. n
refers to the number of cells, unless otherwise stated.

Drugs. TTX, bafilomycin A1, p-serine, b-(-)-2-amino-5-phosphonopen-
tanoic acid (p-AP-5), 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzoquinoxa-
line-7-sulfonamide (NBQX), (RS)-3,5-dihydroxyphenylglycine (DHPG),
pL-threo-B-benzyloxyaspartate (TBOA), (25)-2-amino-2-[(1S,2S)-
2-carboxycycloprop-1-yl] propanoic acid (LY341495), dizocilpine/
(5S,10R)-(+)-5-methyl-10,11-dihydro-5H-dibenzo[a,d] cyclohepten-
5,10-imine maleate (MK-801), (S)-(+)-a-amino-4-carboxy-2-methyl-
benzeneacetic acid (LY367385), and 2-methyl-6-(phenylethynyl)pyridine
hydrochloride (MPEP) were purchased from Tocris Cookson (Bristol, UK).
Concanamycin A and PGE, were purchased from Calbiochem (LaJolla, CA)
and Biomol (Plymouth, PA), respectively.

Results

Slow transient and tonic NMDA currents in hippocampal
pyramidal neurons

We studied excitatory currents of pyramidal neurons recorded in
the CA1 and subiculum regions of the rat hippocampus main-
tained in acute slices. When we held pyramidal neurons near their
resting membrane potential and in the absence of external mag-
nesium to prevent the voltage-dependent block of glutamate re-
ceptors of the NMDA subtype (Mayer et al., 1984; Nowak et al.,
1984), we observed spontaneous STCs (Fig. 1A). In slices from
11- to 17-d-old rats, the polarity of the STCs reversed near 0 mV,
and outward currents were recorded at +40 mV (Fig. 1B), as
expected for non-selective cationic channels. Their amplitude
ranged from 10.1 to 1122.9 pA (mean, 104.9 = 13 pA; 121 events;
n = 18). These currents were observed at low frequency in the
majority of the recorded neurons and even in the presence of
0.5-1 uM TTX, which blocks action potential propagation in the
neuronal network (Fig. 1B,C) (mean, 0.82 * 0.15 events/min).
Their kinetics was slower than that of synaptic currents with a
10-90% rise time of 135.5 = 20.1 msec (Fig. 1 B, inset, D) (range,
11.6-2058 msec) and a decay time constant of 608.2 = 216.45
msec (range, 92.7-7021.8 msec at +40 mV). The rise time was
thus used to distinguish between synaptic and nonsynaptic cur-
rents (see Materials and Methods).

Coapplication of D-AP-5 and NBQX, two competitive an-
tagonists of NMDA and non-NMDA glutamate receptors, re-
spectively, entirely blocked STCs (Fig. 1 A) (n = 3). However,
they persisted when 20 um NBQX was bath applied alone (n =
4; data not shown) but were abolished by 50 um p-AP-5 (Fig.
1EI1,E2) or by 20 uM MK-801, a noncompetitive antagonist of
NMDA receptors (NMDARs) (n = 4; data not shown). Bath
application of D-AP-5 also blocked a tonic current in pyrami-
dal neurons (Fig. 1 EI). The tonic conductance blocked by 50
M D-AP-5 had a mean value of 378.9 = 87.8 pS. Increasing
the concentration of D-AP-5 to 300 uMm or the addition of 20
uM NBQX did not further change the holding current (Fig.
1E3). The low frequency of STCs and their variable amplitude
made it difficult to analyze in more detail their voltage depen-
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dency in standard recording conditions. A
However, current frequency could be

AP5+NBQX
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-80 mV

markedly increased during pharmaco-
logical manipulations (see Fig. 5, inset),
and in these conditions, the average am-
plitude of the currents showed the volt-
age-dependent block by extracellular mag-
nesium ions expected for NMDA receptors
(Fig. 2B, inset). We concluded that activa-
tion of NMDA receptors induced spontane-
ous STCs as well as a tonic current in hip-
pocampal pyramidal neurons.

The activation of NMDA receptors
requires the binding of two coagonists
(i.e., glutamate as well as glycine or D-
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serine) (Johnson and Ascher, 1987;
Schell et al., 1995; Mothet et al., 2000).
Because we observed a tonic current me-
diated by NMDA receptors (see above),

the presence of ambient glutamate and
glycine/D-serine suggests that the tran-
sient currents could be produced by an
additional transient release of any of the
agonists. Bath application of D-serine
(0.3-1 mm) did not change either the
frequency of the STCs (n = 3) or the
amplitude of the holding membrane
current (n = 5; data not shown). This
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observation indicates that glycine/D-
serine sites of NMDA receptors were sat-
urated in our experimental conditions.
Thus, tonic and STCs were produced by
a release of glutamate or of another en-
dogenous agonist of the glutamate bind-
ing site. The lack of effect of D-serine also
excludes the involvement of NMDA re-
ceptors containing NMDAR3 subunits,
because these receptors, unlike other
NMDA receptors, are blocked by p-
serine (Chatterton et al., 2002;Sasaki et
al., 2002).

Although most of our recordings were
performed in slices from 11- to 17-d-old
rats (see above), we also observed STCs in
slices from 24- to 40-d-old animals. In-
deed, the frequency of the spontaneous
STCs (0.41 = 0.11 events/min; n = 24),
their rise time (102 = 18 msec; n = 17),
and their amplitude (100 * 27.4 pA; n =
17) were not significantly different between these two postna-
tal developmental stages (Student’s ¢ test; p > 0.05). There-
fore, it seems that STCs do not occur only during the early
maturation of the hippocampus but persist beyond the end of
the first postnatal month.

+40mV

Figure 1.

STCs result from a glutamate release from glial cells

The slow and variable kinetics of STCs suggested that they
were not caused by a classical form of neuronal release. There-
fore, we looked for the source of glutamate-generating STCs.
We first tested whether the occurrence of STCs could be in-
creased by pharmacological manipulations known to activate
glial cells in hippocampal slices. Agonists of type I metabo-
tropic glutamate receptors or PGE, have been shown to induce
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Slow transient and tonic NMDA receptor-mediated currents in hippocampal pyramidal cells. A, Spontaneous slow
transient currents recorded at a holding potential of —80 mV are blocked by b-AP-5 (300 rum) and NBQX (20 rum). The frequency
of the slow transient currents in this cell (2.5 events/min) before the application of the antagonists is in the top range of the values
measured in our sample. B, In another neuron, spontaneous slow transient currents are recorded at +40 mV in the presence of
TTX. Two currents normalized in amplitude are shown in the inset to illustrate the variability of the kinetics. C, Distribution of the
transient current mean frequency for 91 neurons recorded at +40 mV in the presence of TTX (0.5—1 ruu). Note the low frequency
of these currents. D, Cumulative frequency distribution of the rise time (f, _q0) 0f the slow transient currents for 29 neurons held
at +40 mV in the presence of TTX. £, Bath application of -AP-5 abolishes slow transient currents and a tonic current. £7, Effects
of 50 um p-AP-5 on the membrane current of a CAT pyramidal cell recorded at +40 mV. £2, Effect of p-AP-5 on the frequency of
the slow transient currents (ANOVA test; p << 0.01). £3, Mean tonic conductance blocked by 50 pum p-AP-5 and the absence of
effect of a higher concentration of p-AP-5 and of NBQX. Ctrl, Control; Wash, recovery after washing out o-AP-5.

glutamate release from hippocampal astrocytes (Porter and
McCarthy, 1996; Pasti et al., 1997; Bezzi et al., 1998). When we
bath applied low concentrations of the type I metabotropic
receptor agonist DHPG (10 uM), we observed a significant
increase in the frequency of the STCs (Fig. 24, left). The 10—
90% rise time and the amplitude of the slow currents recorded
at —80 mV before and during DHPG were not different (Fig.
2B). Similarly, bath application of 5-20 um PGE, also in-
creased the STC frequency (Fig. 24, right).

Finally, to exclude the involvement of a glutamate vesicular
release from neurons, we tested the effects of inhibitors of vacu-
olar H *-ATPases. This pump of the vesicular membrane estab-
lishes the proton gradient, which drives transmitter uptake into
synaptic vesicles (Drose and Altendorf, 1997). Pretreatment of
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Figure2.  DHPGand PGE, increase the frequency of the slow transient currents recorded in

pyramidal neurons. A, Effect of bath applications of DHPG (10 wum; left) and PGE, (5-20 wm;
right) on the frequency of the slow transient currents in neurons held at —80 mV (ANOVA test;
p < 0.05). Numbers in parenthesis above the bars of the left histogram refer to the number of
tested pyramidal neurons. B, Comparison of the cumulative frequency distributions of the am-
plitude (left) and of the 10 —909% rise time (right) of the STCs recorded before (Ctrl) and during
the application of DHPG (10 wm) for nine neurons showing both spontaneous and agonist-
evoked STCs (Kolmogorov—Smirnov tests; p > 0.05). Ctrl, Control.

hippocampal slices during 2 hr and 30 min with 4 uM bafilomycin
Al or 2 uM concanamycin A at 34°C abolished spontaneous syn-
aptic currents as well as those evoked by increasing the extracel-
lular potassium concentration from 2.5 to 10 mM (Fig. 3A) or by
stimulating the Schaffer collaterals (Fig. 3 B, inset). STCs were
observed in 12 of 14 pyramidal cells tested after H *-ATPase in-
hibitor pretreatment (12 slices, 6 rats). The rise time distribution
of all currents recorded in treated slices did not differ from that of
STCs recorded in control slices (Fig. 3C, left) (see Materials and
Methods). More than 97% of the currents recorded in treated
slices had a rise time >10 msec and were therefore much slower
than the miniature EPSCs (mEPSCs) recorded in nontreated
slices (Fig. 3C, right).

These results support the idea that STCs recorded in pyra-
midal neurons result from a glutamate release from glial cells.
To demonstrate the glial origin of the release more directly, we
stimulated mechanically glial cells visually identified in the
slices (see Materials and Methods) and located 10-50 um
from the soma or the apical dendrite of the recorded neuron.
Such mechanical stimulations have been used to activate glial
cells in cultures, slices, and intact retina (Newman and Zahs,
1997; Araque et al., 1998a; Zonta et al., 2003). The top trace in
Figure 4A illustrates STCs induced in a pyramidal cell by the
mechanical stimulation of a single nearby glial cell in the pres-
ence of TTX. This stimulation could rarely be repeated more
than once on the same glial cell. However, it was possible to
activate sequentially several glial cells to trigger STCs in the
same single pyramidal neuron, the frequency of the STCs in-
creasing significantly within 1-5 sec after the mechanical stim-
ulation (Fig. 4A). The 10-90% rise time of these STCs evoked
by mechanical stimulation of glial cells had a mean value of
142.2 = 47.1 msec (n = 7 recorded pyramidal neurons; n = 8
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Figure 3.  Slow transient currents persist in the absence of neuronal vesicular release. 4,

Preincubation of the slice with the vacuolar H *-ATPases inhibitor bafilomycin A1 (4 m; right)
inhibits the frequency increase of synaptic currents induced by 10 mu extracellular potassium
normally observed in control slices (left). The insets show a portion of the traces during the
increase in potassium concentration at a faster time scale. Calibration: 100 msec, 50 pA. B,
Preincubation of the slices with 4 um bafilomycin A1 does not inhibit the slow transient cur-
rents. The inset shows that incubation of the slices with bafilomycin A1 (Baf. A1) abolishes the
synaptic responses, which can be evoked by the electrical stimulation of Schaffer collaterals in
nontreated slices (Ctrl). The stimulation intensity for the control and the pretreated slice is 0.4
and 1 mA, respectively. Calibration: 500 msec, 100 pA. C, Preincubation of the slices with 4 um
bafilomycin A1 or 2 um concanamycin A does not change the kinetics of the slow transient
currents (left: Ctrl, same control plot as in Fig. 1D; Treated, 12 pretreated slices, n = 12 cells;
Kolmogorov—Smirnov test; p > 0.05; right: mEPSC distribution obtained from 3 neurons re-
corded in nontreated slices and superimposed with the beginning of the STC distributions
shown on the right panel).

stimulated glial cells), which did not differ from that of spon-
taneous STCs (Student’s ¢ test; p > 0.05). We then tested
whether evoked STCs were sensitive to the noncompetitive
antagonist of NMDA receptor MK-801 (20 uM). Five pyrami-
dal cells were recorded first in the absence of MK-801, and one
or two glial cells were mechanically stimulated. In these con-
ditions, five of the eight stimulated glial cells evoked STCs.
MK-801 was then bath applied for at least 3 min before stim-
ulating other glial cells. In the presence of the NMDA receptor
antagonist, an STC was observed in only 1 of 13 tested glial
cells. Finally, we performed mechanical stimulation experi-
ments in slices pretreated with H "-ATPase inhibitors. As in
control slices, the probability to record STCs in pyramidal
neurons was significantly increased by mechanical stim-
ulations of visually identified glial cells (Fig. 4B, left). In con-
trast, similar mechanical stimulations of visually identified
neurons did not change the frequency of STCs (Fig. 4B, right).
These results indicate that the release mechanism evoking
STCs in pyramidal neurons differs from classical neuronal
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Figure4.  Mechanical stimulations of glial cells induce slow transient currents in hippocam-
pal pyramidal neurons. A, The top trace illustrates slow transient currents induced by the me-
chanical stimulation (arrow, Mech. stim.) with a patch pipette of a single glial cell located close
to the recorded neuron (<50 wm). The inset illustrates a voltage-clamp recording in response
to pulses from — 150 to —30 mV of the glial cell stimulated mechanically during the recording
of this neuron (resting membrane potential, —91 mV). Calibration: 100 msec, 0.5 nA. The
histogram shows the grouped data for 11 neuronal recordings, during which a total of 23 glial
cells was stimulated. The frequency of the transient currents increased significantly during the
5 sec after glial cell stimulations (ANOVA test; p << 0.001). B, Effect of mechanical stimulations
of single glial cells (left) and neurons (right) after preincubation of the slices with 4 um bafilo-
mycin A1 or 2 um concanamycin A. Note that the frequency of the transient currents does not
increase when neurons are mechanically stimulated (left: 12 stimulated glial cells and 4 re-
corded neurons; right: 11 stimulated neurons and 7 recorded neurons; ANOVA test, p << 0.001
and p > 0.05, respectively).

vesicular release and identify glial cells as the source of
glutamate.

Glial glutamate release and ambient glutamate concentration

As described in Fig. 1, NMDA receptors are also responsible for a
tonic current in pyramidal neurons. Jabaudon et al. (1999) pre-
viously reported that blocking glutamate transporters with
TBOA unmasks a release of glutamate by glial cells, which gener-
ates a tonic NMDA current in neurons of organotypic hippocam-
pal cultures. It is therefore possible that in acute slices, the gluta-
mate generating the tonic and the STCs originates from a
common source (i.e., glial cells). Figure 5 shows that bath appli-
cation of 100 um TBOA induced a tonic current in pyramidal
neurons recorded in acute slices. This TBOA-induced tonic cur-
rent had an amplitude of 377.6 = 54.9 pA (n = 17) when re-
corded at +40 mV in the presence of TTX. It was also observed in
slices pretreated with H *-ATPase inhibitor (i.e., in the absence of
neuronal vesicular release) (272.9 * 20 pA; n = 3; p > 0.05). In
the presence of the NMDA receptor antagonist D-AP-5 (150-300
uM), the amplitude of the current induced by TBOA at +40 mV
was 7.6 = 7.5 pA (n = 3). When applied at the maximum of the
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Figure5.  Glial glutamate release contributes to ambient glutamate concentration. A, Tonic
and slow transient currents are unmasked by bath application of TBOA (100 um). B, Effect of
TBOA on the frequency of slow transient currents (ANOVA test; p < 0.001). The voltage depen-
dency of slow transient currents during the application of TBOA was obtained with 1 mw Ca*
and 1mmMg " inthe extracellular solution (inset). The bars from left to right correspond to the
mean amplitude of transient currents measured at —70, —30, 0, and +30 mV (n = 3; Stu-
dent's t test, p < 0.05). , The cumulative distributions of the rise time (left) and amplitude
(right) of the slow transient currents are shifted to the right during TBOA application (Kolmog-
orov—Smirnov test; p << 0.001). Ctrl, Control.

TBOA-induced current, D-AP-5 (50 uMm; n = 6) fully reversed the
effects of the uptake blocker and also blocked the tonic current
present in the absence of TBOA (see above) (Fig. 1E). Conse-
quently, the mean amplitude of the current bloked by AP-5
(320.1 £ 60.5 pA) exceeded that of the current induced by TBOA
(269.5 £ 57.5 pA). In the majority of the tested cells, this tonic
current was accompanied by an increase in the frequency of the
STCs (Fig. 5A, B). One possible explanation for this increase is
that by elevating ambient glutamate concentration, TBOA en-
hances the activation of glial glutamate receptors, thereby in-
creasing the frequency of the transient currents (Fig. 2A). How-
ever, TBOA still induced a frequency increase of the STCs in the
presence of NBQX (20 um; n = 3), the group I metabotropic
glutamate receptor antagonists LY367385 (100 um) and MPEP
(50 um; n = 3), or the large spectrum metabotropic glutamate
receptor antagonist LY341495 (100 um; n = 4). Alternatively,
blockade of glutamate transporters could unmask the release of
glutamate from remote sites, which is normally not detected by
pyramidal neurons when transporters actively remove glutamate
from the extracellular space. If this were true, transient currents
appearing in the presence of TBOA should be, on average, slower
than those recorded in control conditions, because the kinetics of
the glutamate concentration changes, arising from remote release
sites, should be slowed by the effect of diffusion. Indeed, the
rise time distribution of the transient currents was shifted
toward slower values during TBOA application (Fig. 5C, left).
The amplitude distribution was also shifted toward larger val-
ues in the presence of TBOA (Fig. 5C, right). Therefore, after
blockade of glutamate transporters, pyramidal neurons are
sensitive to the activity of more distant release sites than in
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distribution shown in Figure 6 B (left), 42%
of the interevent intervals measured for the
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19 pairs of neurons distant by <100 wm
were above the noise level and within a time
window of 100 msec. Among these 19 pairs,
53% showed at least one synchronized event

+A0 MV (i.e., two currents with a time interval <100
' msec). All of these experiments were per-
formed in the presence of TTX, indicating
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that action potential propagation in the neu-
ronal network was not needed for this syn-
chronization to occur. The relative short de-
lay between synchronized currents is also
incompatible with the involvement of active
propagation of calcium waves in astrocytes

T B e i
] 100 pA | 100 pA that occur at slow speeds (50 wm/sec) (Hay-
5.sec (05 sec don, 2001, and Newman, 2003). Rather,
this synchronization appeared to rely on
B Intervals between currents recorded in two neurons local nonpropagated events and was a
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function of the distance between the re-
corded neurons. Indeed, only one of 15
pairs had synchronized currents when
their somata were separated by >100
pm. These data thus indicate that syn-
chronized currents result from alocal re-
lease of glutamate from a single glial cell
detected by two adjacent neuronal
processes.
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Figure 6.

distant by <<100 m (inset). Number of events: left, 84; right, 43.

control conditions. It is possible that at least part of the tonic NMDA
current, which increases dramatically in TBOA, results from the
summation of STCs originating from very distant release sites.

Glutamate released from glial cells synchronizes neighboring
pyramidal neurons

Despite their relatively low frequency, STCs can occur simulta-
neously in adjacent pyramidal neurons. Figure 6 A illustrates the
results of an experiment during which two CA1 neurons with
somata distant by <100 pum were recorded simultaneously. During
the recording period of 3 min, several currents appeared almost
simultaneously in this pair of neurons. To analyze further this syn-
chronization, we measured the delay between the onset of each cur-
rent recorded in one neuron and those of all currents appearing in
the other neuron of each pair during 2-5 min. The distribution of
these delays obtained from all pairs distant by <100 wm showed a
clear peak centered at ~0 sec (Fig. 6 B, left). This was not the case for
the interval distribution of the currents measured from pairs of py-
ramidal neurons distant by >100 wm (Fig. 6 B, right). To estimate
the time interval in which two events could be considered synchro-
nized, we first normalized each of these two distributions respec-
tively to their total number of intervals comprised between *5 sec at
~0. We then calculated the mean =2 SDs of the interevent intervals
for pairs distant by >100 wm, where no peak was apparent and
considered this value as the noise level (Fig. 6 B; dashed lines). In the

I T
-4 -2
Time (sec)

Glutamate released from glial cells synchronizes neuronal activity. A, Slow transient currents are synchronized in two
different pyramidal cells recorded simultaneously in the presence of TTX. Note the high degree of precision of the synchronization.
B, Normalized distributions of current time intervals in neuronal pairs for which the somata were distant by less (left) or more
(right) than 100 pem. The noise level is indicated by the dashed line. Note that synchronized events occur only when neurons are
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Our results show that glial cells spontane-
ously release glutamate and thereby excite
pyramidal neurons in acute hippocampal
slices. This release occurs in the absence of
neuronal activity and in the absence of
neuronal vesicular release of transmitters.
Our findings are therefore in agreement
with previous reports of spontaneous ac-
tivities of astrocytes occurring in the ab-
sence of neuronal activity in brain slices (Parri et al.,, 2001;
Aguado et al.,, 2002; Parri and Crunelli, 2003). This does not
exclude a role of neurons in regulating astrocyte activity and
therefore their glutamate release. Indeed, glial cells are endowed
with a large repertoire of receptors for many neurotransmitters
and, for instance, astrocytes can be mobilized by the activation of
their metabotropic glutamate receptors in response to neuronal ac-
tivity (Porter and McCarthy, 1996; Pasti et al., 1997; Bezzi et al,,
1998). Accordingly, we observed that DHPG, the agonist of group I
metabotropic glutamate receptors, increases the frequency of STCs.
Slow excitatory currents mediated by NMDA receptors
have been recently described in hippocampal and thalamic
neurons recorded in acute slices obtained from rodents
younger than P14 (Parriet al., 2001; Demarque et al., 2002). In
the hippocampus, these currents had extremely slow kinetics
and were attributable to a SNARE-independent glutamate re-
lease from an unidentified source (Demarque et al., 2002). In
the thalamus, the currents were detected in neurons localized
on the path of propagating glia calcium waves and therefore
most likely result from a glutamate release correlated with glial
cell calcium oscillations (Parri et al., 2001). In contrast with
the above mentioned studies, the STCs described here were
recorded in neurons from more mature animals aged P11—
P40. The high input resistance of immature neurons probably
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makes the detection of these currents easier; however, by
blocking most of the potassium conductance and by reducing
as much neuronal synaptic noise as possible, we could observe
STCs in the majority of the recorded neurons, including ma-
ture neurons (72.5% of neurons at P11-P17 and 70.8% of
neurons at P24-P40). Our results therefore indicate that this
form of communication from glia to neurons is not restricted
to early stages of the brain postnatal development and persists
after the peak of synaptogenesis.

Astrocytes can release glutamate through different mecha-
nisms, including a calcium-dependent, possibly vesicular,
form of release (Parpura et al., 1994; Pasti et al., 1997, 2001;
Araque et al., 1998a, 2000; Bezzi et al., 1998, 2004; Parpura and
Haydon, 2000), the reverse operation of glutamate transport-
ers (Nicholls and Attwell, 1990; Longuemare and Swanson,
1995), the opening of large pore channels (Kimelberg et al.,
1990, 1995; Duan et al., 2003; Ye et al., 2003), and the activity
of the cystine-glutamate antiporter (Pow, 2001; Baker et al.,
2002). Our present study did not aim at identifying the actual
mechanism by which astrocytes release glutamate. However,
our observation that TBOA increases STC frequency and en-
hances the tonic NMDA conductance does not support an
involvement of glutamate transporters operating in a reverse
mode (Nicholls and Attwell, 1990; Rossi et al., 2000). Bath
applications of glutamate metabotropic receptor agonists and
of PGE, as well as mechanical stimulations, which increase the
frequency of STCs, were shown previously to trigger intracel-
lular calcium transients in astrocytes (Porter and McCarthy,
1995; Newman and Zahs, 1997; Pasti et al., 1997; Araque et al.,
1998a; Bezzi et al., 1998; Zonta et al., 2003). Therefore, these
results would rather support the involvement of a calcium-
dependent release mechanism. In contrast, experiments with
bafilomycin Al and concanamycin A showed that inhibiting
vacuolar H "-ATPase abolished neuronal vesicular release but
not STCs recorded in pyramidal neurons. This does not totally
rule out the possible involvement of a vesicular release of
glutamate from astrocytes, because the depletion of gluta-
mate-containing vesicles in glial cells might require more pro-
longed action of these inhibitors than required for the deple-
tion of neuronal vesicles. It is worth noting, however, that in
hippocampal organotypic cultures, prolonged incubation
with clostridial toxins inhibiting vesicular glutamate release
does not change a glial release of glutamate (Jabaudon et al.,
1999). Interestingly, this release was uncovered by blocking
glutamate uptake and generated in pyramidal cells a tonic
NMDA current similar to the one that we observed in acute
slices. Identifying the actual mechanism by which glia release
glutamate in preserved preparation will thus require addi-
tional experiments and probably the development of new ex-
perimental tools.

The kinetics of STCs evoked in pyramidal neurons by glial
glutamate release is extremely variable and exceeds that of
synaptic currents mediated by NMDA receptors (Figs. 1D,
4C). Indeed, the rising phase of NMDA receptor-mediated
synaptic currents in hippocampal pyramidal neurons is close
to 10 msec (Hestrin et al., 1990). One possibility to explain the
slow and variable kinetics of these currents is that NMDA
receptors activated by glutamate released from glial cells are
mainly extrasynaptic. Indeed, extrasynaptic NMDA receptors
facing glial processes have been observed by immunogold
electron microscopy on the dendrites of cortical pyramidal
cells (Kharazia and Weinberg, 1999). If the release sites of
astrocytes are not incorporated in anatomical structures as
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tight as synapses but face a more open extracellular space,
diffusion of glutamate will slow down the concentration
changes and also decrease the maximum concentration (Bar-
bour, 2001) detected by extrasynaptic NMDA receptors. The
wide range of kinetics of the STCs encountered in a given
pyramidal neuron may reflect its ability to detect the activity
of several glial release sites located at various distances as well
as variability in the release kinetics. Consistent with the
former hypothesis is the observation that inhibiting glutamate
transporters with TBOA favors the occurrence of STCs with
kinetics slower than those observed in control conditions,
probably because glutamate was now able to diffuse over
longer distances. This indicates that glutamate transporters
regulate the number of glial release sites that are detected by
pyramidal neurons. Moreover, the tonic NMDA current,
which is increased by TBOA (Fig. 2) (Jabaudon et al., 1999),
probably results from the diffusion of glutamate released so
distantly that concentration peaks cannot be detected any-
more. This suggests that ambient glutamate may result pri-
marily from the activity of glial cells releasing glutamate
through the same mechanism than the one inducing the STCs
described in the present study. Activation of extrasynaptic
NMDA receptors by ambient glutamate has been shown to
enhance pyramidal cell excitability and regulate the input—
output function of these neurons (Sah et al., 1989). Because
micromolar concentrations of ambient glutamate, possibly
from a glial origin, have been measured in vivo in the extra-
synaptic space (Baker et al., 2002; Del Arco et al., 2003) and
NMDA receptors EC5, for sustained application of glutamate
is within 1-10 uM, we propose that glutamate release from
glial cells participates to the modulation of pyramidal cell
excitability.

Finally, our results also indicate that STCs most often occur
synchronously in neighboring pyramidal neurons. This syn-
chronization did not arise from an electrical coupling between
pyramidal neurons. If this was the case, there should be no
delay between synchronized STCs, and the ratio of amplitudes
between STCs recorded in two neurons should be constant. As
illustrated in Figure 6, both parameters (i.e., the amplitude
ratio and the delay) were quite variable. The characteristics of
this synchronization suggest that it results from the activity of
asingle glial cell rather than from the propagation of a calcium
wave within a network of astrocytes. Indeed, these waves prop-
agate between astrocytes at speeds slower than 50 um/sec
(Haydon, 2001; Newman, 2003). This means that in 100 msec,
the time window at which the synchronization of STCs oper-
ates, a wave would travel no more than 5 um. Therefore,
although we cannot exclude that glutamate is actually released
during the propagation of a wave, the synchronization itself
involves either very close release sites or a single release site. In
any case, the degree of precision of this synchronization im-
plies that the two synchronized pyramidal neurons have pro-
cesses in close vicinity facing the glia releasing site(s). It re-
mains to be established now which physiological and
pathological conditions this local control of neuronal activity
by glial cells is the most involved.
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