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Calcium Elevation in Astrocytes Causes an NMDA Receptor-
Dependent Increase in the Frequency of Miniature Synaptic
Currents in Cultured Hippocampal Neurons

Alfonso Araque, Rita P. Sanzgiri, Vladimir Parpura, and Philip G. Haydon

Laboratory of Cellular Signaling, Department of Zoology and Genetics, lowa State University, Ames, lowa 50011

Astrocytes exhibit a form of excitability and communication on
the basis of intracellular Ca®* variations (Cornell-Bell et al.,
1990; Charles et al., 1991) that can be initiated by neuronal
activity (Dani et al., 1992; Porter and McCarthy, 1996). A Ca®*
elevation in astrocytes induces the release of glutamate (Par-
pura et al., 1994; Pasti et al., 1997; Araque et al., 1998; Bezzi et
al., 1998), which evokes a slow inward current in neurons and
modulates action potential-evoked synaptic transmission be-
tween cultured hippocampal cells (Araque et al., 1998), sug-
gesting that astrocytes and neurons may function as a network
with bidirectional communication. Here we show that a Ca®™"
elevation in astrocytes increases the frequency of excitatory as
well as inhibitory miniature postsynaptic currents (mPSCs),
without modifying their amplitudes. Thapsigargin incubation,
microinjection of the Ca®" chelator BAPTA, and photolysis of
the Ca®* cage NP-EGTA demonstrate that a Ca®* elevation in

astrocytes is both necessary and sufficient to modulate spon-
taneous transmitter release. This Ca®"-dependent release of
glutamate from astrocytes enhances mPSC frequency by act-
ing on NMDA glutamate receptors, because it is antagonized by
D-2-amino-5-phosphonopentanocic acid (AP5) or extracellular
Mg2". These NMDA receptors are located extrasynaptically,
because blockage specifically of synaptic NMDA receptors by
synaptic activation in the presence of the open channel blocker
MK-801 did not impair the AP5-sensitive astrocyte-induced
increase of mMPSC frequency. Therefore, astrocytes modulate
spontaneous excitatory and inhibitory synaptic transmission by
increasing the probability of transmitter release via the activa-
tion of NMDA receptors.

Key words: astrocyte—-neuron signaling; NMDA glutamate re-
ceptors; calcium cage photolysis; calcium waves; miniature
synaptic currents; hippocampal synaptic transmission

There is growing evidence indicating that astrocytes may play
more active roles in the CNS beyond the simple structural and
trophic support for neurons. The existence of signaling between
astrocytes, using intracellular Ca®* variations that can propagate
as intercellular Ca®* waves (Cornell-Bell et al., 1990; Charles et
al., 1991; Finkbeiner, 1992; Newman and Zahs, 1997), the sus-
ceptibility of astrocytes to respond to neuronal activity (Dani et
al., 1992; Porter and MacCarthy, 1996) by the activation of
neurotransmitter receptors that trigger Ca** waves (Cornell-Bell
et al., 1990; Charles et al., 1991; Murphy et al., 1993; Duftfy and
MacVicar, 1995), and the ability of astrocytes to signal to neurons
by releasing glutamate that induces a neuronal Ca*" elevation
(Charles, 1994; Nedergaard, 1994; Parpura et al., 1994; Hassinger
et al., 1995; Pasti et al., 1997; Araque et al., 1998; Bezzi et al.,
1998) suggest that astrocytes and neurons may function as a
network in which bidirectional communication takes place.
Although the existence of communication between astrocytes
and neurons is firmly established by Ca®" imaging studies
(Charles, 1994; Nedergaard, 1994; Parpura et al., 1994; Hassinger
et al., 1995; Pasti et al., 1997; Bezzi et al., 1998), the physiological
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consequences of such communication have not been elucidated.
However, we have shown recently that the electrical or mechan-
ical stimulation of astrocytes evokes in adjacent neurons a
glutamate-dependent slow inward current mediated by the acti-
vation of both NMDA and non-NMDA glutamate receptors
(Araque et al., 1998). We also have provided evidence for the
involvement of astrocytes in the modulation of action potential-
evoked synaptic transmission via the activation of presynaptic
metabotropic glutamate receptors (mGluRs). In addition to these
electrophysiological consequences of the astrocyte—-neuron sig-
nal, we also have reported that astrocyte stimulation may increase
the frequency of miniature postsynaptic currents (mPSCs) via
undefined mechanisms. Therefore, the aim of the present work
was to characterize the mechanisms underlying this astrocyte-
induced modulation of mPSC frequency.

We used three different stimuli—mechanical, electrical, or UV
photolysis of a Ca®* cage—to raise the intracellular Ca** con-
centration ([Ca®*];) in astrocytes while mPSCs were recorded in
adjacent neurons. We found that astrocyte stimulation transiently
increased the frequency of excitatory as well as inhibitory mPSCs,
without modifying their amplitude distribution. The elevation of
intracellular Ca*" in astrocytes was both necessary and sufficient
to induce an increase in mPSC frequency and was prevented by
the NMDA receptor antagonist D-2-amino-5-phosphonopenta-
noic acid (APS), indicating that it was mediated by the activation
of NMDA receptors. Because the astrocyte-induced increase in
mPSC frequency was not impaired after the selective block of
synaptic NMDA receptors with the use-dependent open-channel
blocker MK-801, we conclude that astrocytes can increase the
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frequency of mPSCs by activating extrasynaptic NMDA
receptors.

MATERIALS AND METHODS

Culture preparation. Primary cultures of mixed hippocampal neurons and
astrocytes from 1- to 3-d-old postnatal rats were prepared as previously
described (Araque et al., 1998) and were used after §-25 d in culture, at
a time when synapses were established. At the time of use, astrocytes
were confluent in these cultures.

Electrophysiology. Whole-cell patch-clamp recordings were obtained
from neurons with an Axopatch-1C amplifier and pClamp software
(Axon Instruments, Foster City, CA). Currents were filtered at 1-2 kHz
and sampled above 2 kHz. External control solution contained (in mm):
140 NaCl, 5 KCl, 4 CaCl,, 10 HEPES, 10 glucose, and 6 sucrose, pH
7.35. mPSCs were recorded in 1 uM tetrodotoxin (TTX). To optimize
NMDA receptor activation, we omitted Mg?* and added 10 uM glycine
to the solution. High osmolarity solution was obtained by adding 0.3 m
sucrose. In 4 mm Mg?* solution, MgCl, was added without osmolarity
compensation. The patch pipette solution contained (in mm): 140
K-gluconate, 10 EGTA, 4 Mg-ATP, 0.2 Tris-GTP, and 10 HEPES, pH
7.35. In some experiments, 10 mM BAPTA (1,2-bis(2-aminophenoxy)
ethane-N,N,N',N'-tetraacetic acid; tetrapotassium salt) was added to the
pipette solution. Unless stated otherwise, the membrane potential was
held at —60 mV to study miniature EPSCs (mEPSCs), at —10 mV to
analyze miniature IPSCs (mIPSCs), or at —30 mV to permit simulta-
neous observation of both mEPSCs and mIPSCs. At the holding poten-
tials that were used, glutamatergic EPSCs and GABAergic IPSCs were
identified as inward and outward currents, respectively (Araque et al.,
1998). For thapsigargin treatment the cells were incubated with 1 um
thapsigargin for 30-60 min. In some experiments, synaptic transmitter
release was increased by using high osmolarity solution (0.3 M sucrose
was added to the control solution) delivered from a micropipette (tip
diameter, ~2 um) by 1- to 50-sec-duration pressure pulses (Picospritzer
II, General Valve, Fairfield, NJ).

The morphological identification of neurons was confirmed electro-
physiologically by their ability to generate TTX-sensitive Na "-mediated
action potentials and by the presence of fast synaptic currents. Confluent
astrocytes, ~25-150 uwm from the soma of the recorded neuron, were
stimulated mechanically via glass micropipettes filled with external saline
(see Charles, 1994; Nedergaard, 1994; Araque et al., 1998). Similar
results were obtained when voltage pulses (1 msec duration, 150 V) were
used to stimulate astrocytes (see Araque et al., 1998). However, to
prevent the potential effects of direct electrical stimulation on synaptic
terminals, the results presented were obtained mainly by using mechan-
ical stimulation, unless stated otherwise. At least eight astrocytes were
stimulated in each parallel control, and test conditions and data were
obtained from at least three different experiments (i.e., at least 24
astrocytes were stimulated in each condition). The incidence of
astrocyte-induced responses was defined as the proportion of responses
relative to the total number of astrocytes stimulated in each experiment;
statistical differences were established with the Student’s ¢ test. All
experiments were performed at room temperature (20-23°C). Data are
expressed as mean * SEM.

Analysis of mPSCs was done by using the ACSPLOUF software
(obtained from Dr. Pierre Vincent, University of California at San
Diego). The cumulative probabilities of the mPSC amplitude and
frequency before and after astrocyte stimulation were plotted. The
mPSC frequency was calculated in 1 sec bins. Cumulative probability
plots 15-30 sec before and after astrocyte stimulation were compared,
and significant differences were established at p < 0.05, using the
Kolmogorov—Smirnov test.

Neuronal labeling with tetanus toxin. Neurons were identified by label-
ing with the fluorescein-conjugated C-fragment of tetanus toxin (C-
FITC, List Biological Laboratories, Campbell, CA) by a modification of
a previously described procedure (Charles, 1994), as reported elsewhere
(Araque et al., 1998). Cells were incubated for 1 hr in 10 pg/ml of
C-FITC at 37°C. After a wash period the cells were viewed with fluo-
rescein optics.

Calcium measurements. The ability of stimuli to evoke a wave of
elevated Ca®" in astrocytes was monitored by fluorescence microscopy
with the Ca®" indicator fluo-3. Cultures were incubated at 37°C for 45
min with the acetoxymethyl ester of fluo-3 (fluo-3-AM, 10 ug/ml; Mo-
lecular Probes, Eugene, OR). After being washed, the indicator was
allowed to deesterify for 45 min. Coverslips containing fluo-3-loaded
cells were visualized via a silicon intensified target (SIT) camera
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(Hamamatsu Photonic System, Bridgewater, NJ) or IC-300 intensified
charge-coupled device (CCD) camera (Photon Technology, Monmouth
Junction, NJ) attached to a Nikon 300 inverted microscope and a NeDy
optical workstation (Prairie Technologies, LLC, Waunakee, WI). Quan-
titative fluorescence measurements were made with the NeD, - video
software.

Microinjection into astrocytes. In some experiments we injected the
Ca?" chelator BAPTA into individual astrocytes, as described elsewhere
(Araque et al., 1998). Microinjection pipettes (tip diameter, ~400 nm)
were pulled from Kwik-Fil borosilicate glass capillaries (World Precision
Instruments, Sarasota, FL), using a Sutter P-2000 micropipette puller
(Sutter Instrument, Novato, CA). Pipettes were filled with a solution
containing 375 mm BAPTA, pH 7.2, and 0.25 mm fluoro-ruby. This
solution was pressure-injected into single astrocytes, using a 300 msec, 15
psi pulse (Narishige IM-200, Narishige, Greenvale, NY). The positioning
of micropipettes was controlled by an Eppendorf micromanipulator.
Based on quantification of the fluoro-ruby fluorescence, the resulting
final intracellular BAPTA concentration was estimated to be 1-2 mMm
(Araque et al., 1998). In other experiments, NP-EGTA (o-nitrophenyl-
EGTA, tetrapotassium salt; Molecular Probes, Eugene, OR) was injected
into individual astrocytes from pipettes filled with 15 mm NP-EGTA and
0.25 mMm fluoro-ruby.

RESULTS

We have demonstrated previously that stimuli that elevate
[Ca?*); in astrocytes can induce an increase in the frequency of
mPSCs in adjacent neurons (Araque et al., 1998). To evaluate
further the mechanism responsible for this response, we mechan-
ically stimulated astrocytes while miniature synaptic currents
were recorded from adjacent neurons. The frequency of both
mEPSCs and mIPSCs was increased by mechanical stimulation of
the astrocytes (Figs. 1, 2). The mEPSCs frequency was increased
after stimulation of 48.6 = 3.8% of the astrocytes (n = 20). In
those cells that responded to astrocyte stimulation, mEPSC fre-
quency increased, reaching a maximum (mean maximum in-
crease was 12.2 = 2.6 times the control frequency; n = 21) and
declined slowly, usually lasting for ~1-2 min before returning to
prestimulus values (Fig. 1B). This increase in the frequency of
miniature synaptic currents was also obvious by comparing the
cumulative probability plots of the mEPSC frequency 30 sec
before and after astrocyte stimulation (Fig. 1C, open and filled
symbols, respectively; p < 0.005). This increased mEPSC fre-
quency was not accompanied by perceptible changes in the profile
of the histograms of the mEPSC amplitudes (Fig. 1D,E) nor by
statistically significant changes in the corresponding cumulative
probability plots (Fig. 1F,G). Likewise, mIPSC frequency in-
crease was elicited by 37.2 = 3.7% of stimulated astrocytes (n =
26), the mean maximum increase in mIPSC frequency was 11.7 =
2.3 times the prestimulus level (n = 22), and it showed a similar
time course to the change in mEPSC frequency (Fig. 24-C).
Moreover, astrocytes increased the frequency of mIPSCs without
modifying their amplitude (Fig. 2D-G). Taken together, these
data suggest that stimulation of the astrocyte caused an increase
in the probability of presynaptic transmitter release from both
excitatory and inhibitory neurons.

Elevation of Ca2" in astrocytes is both necessary and
sufficient to modulate synaptic transmission

To control for the possibility that our mechanical stimuli directly
activate neuronal processes, we used the FITC-labeled
C-fragment of tetanus toxin, which selectively labels the soma
and neurites of the neurons, but not astrocytes, thus allowing for
the visualization of neuronal processes in living preparations and
permitting the selective stimulation of neurite-free regions of
astrocytes (Araque et al., 1998). When we used this method to
disclose neuronal processes, specific stimulation of astrocytes still
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Figure 1. Astrocyte stimulation increases mEPSC frequency. 4, mEPSCs

recorded at a holding potential of —60 mV before and after mechanical
stimulation of an astrocyte. B, Time course of the mEPSC frequency
calculated in 1 sec bins. Zero time corresponds to the time of astrocyte
stimulation. C, Cumulative probability plot of the mEPSC frequency 30 sec
before and after astrocyte stimulation (open and filled symbols, respective-
ly). D, E, Histograms of mEPSC amplitudes (bin width, 1 pA) recorded 30
sec before and after astrocyte stimulation, respectively. F, Cumulative
probability plot of the mEPSC amplitudes recorded 30 sec before and after
astrocyte stimulation (open and filled symbols, respectively). G, Average
(n = 24) cumulative probability plot of the mEPSC amplitudes recorded 30
sec before and after astrocyte stimulation (open and filled symbols, respec-
tively). Error bars showing SEM are smaller than symbol size. To obtain
cumulative probability plots, we calculated the frequency and the ampli-
tudes of mEPSCs in 1 sec and 1 pA bins, respectively.

evoked an increase in mPSC frequency (13 of 24 astrocytes).
Although we cannot discount the possibility that unlabeled pro-
cesses were still present in these cultures, these results suggest
that astrocytes are responsible for increasing the mPSC
frequency.

We have demonstrated previously that an elevation of Ca?™ in
astrocytes is necessary to evoke astrocyte-induced slow inward
current in adjacent neurons (Araque et al., 1998). Therefore, we
asked whether a Ca®" elevation in these cells was also necessary
for the increase in mPSC frequency. Astrocyte Ca®* waves
require functional internal Ca®" stores that can be depleted with
the Ca?*-ATPase inhibitor thapsigargin (Charles et al., 1993;
Newman and Zahs, 1997; Araque et al., 1998). After thapsigargin
incubation the mechanical stimulation of astrocytes no longer led
toa Ca?" wave (data not shown; but see Araque et al., 1998), and
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Figure 2. Astrocyte stimulation increases mIPSC frequency. 4, mIPSCs
recorded at a holding potential of —30 mV before and after mechanical
stimulation of an astrocyte. B, Time course of the mIPSC frequency
calculated in 1 sec bins. Zero time corresponds to the time of astrocyte
stimulation. C, Cumulative probability plot of the mIPSC frequency 30
sec before and after astrocyte stimulation (open and filled symbols, re-
spectively). D, E, Histograms of mIPSC amplitudes recorded 30 sec
before and after astrocyte stimulation, respectively. F, Cumulative prob-
ability plot of the mIPSC amplitudes recorded 30 sec before and after
astrocyte stimulation (open and filled symbols, respectively). G, Average
(n = 12) cumulative probability plot of the mEPSC amplitudes recorded
30 sec before and after astrocyte stimulation (open and filled symbols,
respectively). Cumulative probability plots were obtained as in Figure 1.

the ability of astrocyte stimulation to increase the frequency of
mPSCs was reduced significantly (mEPSCs: 61.1 £ 3.5% in
control and 3.3 £ 3.3% in thapsigargin; p < 0.001; mIPSCs:
47.9 = 9.5% in control and 8.9 = 5.0% in thapsigargin; p < 0.01),
without altering their baseline frequency (the resting mean
mEPSC frequency in control was 2.98 = 1.86/sec and was 3.30 *
1.24/sec in thapsigargin-treated cells; n = 8). Although we cannot
exclude the possibility that thapsigargin acted via neuronal Ca?*
stores, these results suggest that a Ca*" elevation in astrocytes is
required for the stimulus-induced increase in mPSC frequency.
To control further for nonspecific effects of stimulation and to
remove any lingering concern regarding direct activation of neu-
ronal processes, we specifically blocked Ca®* elevations in astro-
cytes by microinjecting the Ca*" chelator BAPTA into individ-
ual astrocytes. BAPTA was injected into a single astrocyte along
with the fluorescent indicator fluoro-ruby (a dextran-conjugated
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Figure 3. Microinjection of the Ca®" chelator BAPTA into an astrocyte prevents the propagation of astrocyte Ca>* waves and blocks the
astrocyte-induced increase in mPSC frequency. A, Cultures were loaded with the Ca?* indicator fluo-3 to monitor the stimulus-induced Ca?* elevations
in astrocytes, and a single astrocyte was microinjected with fluoro-ruby (left panel ). Right panels show images in pseudocolor mode representing intensity
of fluo-3 emission taken before, during, and after mechanical stimulation of the fluoro-ruby-injected cell at the times indicated. Zero time corresponds
to the time of astrocyte stimulation. Mechanical stimulation increases intracellular Ca®* in the injected cell as well as in neighboring unstimulated
astrocytes. B, Same as in 4 but with a single astrocyte microinjected with fluoro-ruby and BAPTA (left panel ). Mechanical stimulation of the injected
cell did not change the fluorescent emission of fluo-3 either in the stimulated or neighboring astrocytes. C, D, Quantitative data taken from these
experiments. The number of astrocytes involved in Ca®* waves was quantified by the proportion of nonstimulated cells within the field of view that
responded with a Ca?" elevation. Although the ability of astrocytes to respond to direct stimulation or to evoke Ca?"* waves (C and D, respectively)
was unaffected by the injection of fluoro-ruby, it was reduced significantly by BAPTA injection. In parallel studies mPSCs were recorded in response to
mechanical stimulation of astrocytes. Whereas the astrocyte-induced mPSC frequency increase was not affected by the injection of fluoro-ruby (E, F),
it was prevented by the injection of BAPTA (E, G). **p < 0.01.

dye that does not pass through gap junctions, thus labeling only reduced proportion of cells involved in the Ca®* wave (Fig.
the injected cell) (Fig. 34, B, left panels), and cells were allowed to 3B-D). Thus, microinjection of BAPTA, and not the injection

recover for 1 hr before the onset of a recording experiment. procedure per se, significantly reduced Ca®" wave generation in
During this time the cells were loaded with the Ca** indicator astrocytes.
fluo-3 so that we could confirm optically that BAPTA injection To determine whether a Ca?" wave in the astrocyte was

blocked the stimulus-induced Ca?* waves. Stimulation of an necessary for the stimulus-induced increase in frequency of
uninjected astrocyte reliably evoked (18 of 22) an increase in its mPSCs we performed similar microinjection experiments before
intracellular Ca>" that resulted in Ca®" increments in adjacent recording whole-cell currents from neurons. After microinjection,
astrocytes. Direct stimulation of cells that had been injected with a fluoro-ruby-containing astrocyte was brought in the field of
fluoro-ruby alone demonstrated that the injection protocol did view, and mPSCs were recorded from an adjacent neuron that
not affect Ca®* wave generation, because it did not change the was located within ~150 wm of the injected astrocyte. Microin-
ability of astrocytes to respond to direct stimulation nor to evoke jection of fluoro-ruby alone did not impair the astrocyte-induced
Ca?* waves (Fig. 34,C,D). However, when astrocytes injected increase in frequency of mPSCs. However, when astrocytes were
with BAPTA were stimulated, there was a significant reduction in injected with BAPTA, we observed a significant reduction in the
the proportion that responded with a Ca®" elevation as well as a ability of astrocyte stimulation to increase the frequency of
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quency of mPSCs. 4, Whole-cell recording from a neuron adjacent to an
astrocyte that had been microinjected with the UV-sensitive Ca®" cage
NP-EGTA. UV photolysis (arrow) increased the Ca?* level in the astro-
cyte and caused an increase in the frequency of mEPSCs. B, Graphs
summarizing the effects of photolysis on the mEPSC and mIPSC fre-
quency. Pulses of UV light only increased the frequency of mPSCS when
the astrocyte was injected with NP-EGTA. Although the frequency of
mPSCs was not modified by UV stimulation of uninjected astrocytes (0 of
6 cells) or astrocytes injected with fluoro-ruby alone (0 of 22 cells),
photolysis of NP-EGTA-injected astrocytes increased the frequency of
mEPSCs (8 of 17 cells) and mIPSCs (4 of 9 cells). This photolysis-
dependent increase in mPSC frequency was prevented by incubation with
50 uM AP5 (0 of 12 NP-EGTA-injected astrocytes).
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mPSCs (Fig. 3E-G). Because this inhibitory action is specific to
the presence of BAPTA and not to injection per se, we can
conclude that it is a result of the chelation of Ca®" rather than a
result of nonspecific effects of injection. Taken together with data
obtained from experiments with C-FITC tetanus toxin labeling
and with thapsigargin treatment, these BAPTA microinjection
experiments demonstrate that a Ca®* elevation, specifically in
astrocytes, as opposed to an inadvertent stimulation of neuronal
processes, is necessary for the stimulus-induced increase in mPSC
frequency.

To investigate further the role of Ca®* in the astrocyte-
induced modulation of synaptic transmission, we asked whether a
Ca®" elevation in astrocytes was sufficient to increase the fre-
quency of mPSCs. Single astrocytes were microinjected with the
UV-sensitive Ca®" cage NP-EGTA (together with the fluores-
cent dye fluoro-ruby to identify the injected cell), which was
photolyzed by using one to six 3-nsec-UV (337 nm) pulses deliv-
ered through a UV-transmitting optical fiber (beam diameter,
10-15 pm) (V. Parpura and P. Haydon, unpublished data). Pho-
tolysis reliably increased intracellular Ca®" as monitored by
using fluo-3 (4 of 4 cells). In parallel experiments analyzing the
effects on neuronal currents, photolysis reliably evoked the pre-
viously characterized nonsynaptic slow inward current (Araque et
al., 1998) as well as an increase in the frequency of mPSCs (Fig.
4A4,B). In contrast, UV stimulation of either the uninjected as-
trocytes or fluoro-ruby-injected astrocytes did not change the
mPSC frequency (Fig. 4B). Taken together, these experiments
demonstrate that an elevation of astrocyte Ca>" is both neces-
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sary and sufficient to induce an increase in the frequency of both
inhibitory and excitatory miniature synaptic currents.

Astrocyte-induced synaptic enhancement is mediated
by activation of NMDA receptors

Several studies have demonstrated that an elevation of internal
Ca®”" in astrocytes induces a Ca*"-dependent release of gluta-
mate that can be sensed by adjacent neurons (Charles, 1994;
Parpura et al., 1994; Hassinger et al., 1995; Pasti et al., 1997,
Araque et al., 1998; Bezzi et al., 1998). We used pharmacological
tools to determine the glutamate receptor dependence of the
astrocyte-induced increase in mPSC frequency (Fig. 5). The
incidence of the astrocyte-mediated increase of mIPSC or
mEPSC frequency was unaffected by the mGluR antagonists
(S)-2-amino-2-methyl-4-phosphonobutanoic acid (MAP4; 0.5
mMm) or (5)-a-methyl-4-carboxyphenylglycine (MCPG; 0.5 mm).
The non-NMDA glutamate receptor antagonist 6-cyano-7-
nitroquinoxaline-2,3-dione (CNQX, 10 uM; because mEPSCs are
sensitive to this antagonist, the effect of CNQX on miniature
frequency was assayed only on mIPSCs) did not reduce the ability
of astrocytes to induce an increase in mIPSC frequency. How-
ever, either the presence of 4 mm Mg?* or of the NMDA
glutamate receptor antagonist AP5 (50 um) dramatically reduced
the astrocyte-induced increase in mIPSC and mEPSC frequency.
To test further the role of NMDA receptors in mediating the
modulation of mPSC frequency, we incubated cultures for 5 min
in NMDA (200 uM) and MK-801 (5 uMm; an irreversible open
channel blocker of NMDA receptors) to cause a sustained block
of this receptor subtype. After washout, astrocyte stimulation no
longer modulated mPSC frequency (Fig. 5). Additionally, in pho-
tolysis experiments, AP5 blocked the ability of photolytic Ca*"
elevations in astrocytes to raise mPSC frequency (see Fig. 4B).
These data demonstrate that the enhancement of the miniature
synaptic frequency was mediated selectively by the activation of
NMDA receptors.

Astrocyte-induced increase in mPSC frequency is not
mediated by synaptically located NMDA receptors

To evaluate the location of NMDA receptors mediating the
astrocyte-dependent modulation of mPSC frequency, we selec-
tively blocked the synaptically located NMDA receptors with
MK-801, an irreversible use-dependent open channel blocker of
NMDA receptors (Hessler et al., 1993; Rosenmund et al., 1993;
Reid et al., 1997), and asked whether the AP5-sensitive astrocyte
modulation of mPSC frequency persisted (Fig. 64). To achieve
this block of synaptic NMDA receptors, we applied MK-801 (5
uM) while activating synapses with high osmolarity solution (1- to
50-sec-duration pressure pulses of solution with 0.3 M sucrose
added) (Fig. 6A4). Subsequently, MK-801 was washed out of the
bathing saline. Although the effect of hyperosmotic saline on
astrocytes is not well defined, it previously has been documented
that this maneuver reliably evokes quantal transmitter release at
synapses (Fatt and Katz, 1952; Malgaroli and Tsien, 1992;
Manabe et al., 1992). To determine whether we successfully
blocked synaptically located NMDA receptors, we analyzed the
decay kinetics of mEPSCs. Previous studies have shown that
EPSCs decay with biexponential kinetics that reflect two compo-
nents: a fast CNQX- and a slow AP5-sensitive component (Bek-
kers and Stevens, 1989; McBain and Dingledine, 1992). We first
confirmed in control conditions that mEPSCs showed a fast (7 =
5.6 £ 0.8 msec) and a slow (7 = 45.1 = 11.1 msec) component
(n = 6) (Fig. 6B, Control) and that the latter was abolished by 50
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Figure 5. Astrocyte-induced increase in mPSC fre-
quency is mediated by NMDA receptors. Shown is the

g 100 mEPSCs 100 mIPSCs percentage of mechanically stimulated astrocytes that
& 2 —— Control ——— Control increased the frequency of mEPSCs (left) and mIPSCs
g - 75 J 75 | (right) in 0.5 mM MAP4 and 0.5 mm MCPG, 10 um
£ CNQX, 4 mm Mg>", 50 uM AP5, and 50 uM NO-Arg;
%3 50 50 | also shown is the percentage after dialysis of the
ﬁ g postsynaptic cell with BAPTA (10 mM in the recording
o ‘5 25 25 pipette) and in their respective control solution in par-
Y% ) . 1 allel cultures. In the histograms labeled MK-801 we
2% | | | caused a use-dependent block of NMDA receptors be-
<t(!) 0 ‘—m 0 _—(D———X—"‘_LO‘_—M fore Stimulating astrocytes by incubating the cultures
i ‘o % 8 < F a ¢ ‘o % 8 < F during 5 min in NMDA (200 um) and MK-801 (5 um)
g = ¢ o Z g 5 = ¢ & & to cause a sustained block of this receptor subtype (see
+ E = =z @ + % = 2 o Results). After washout, astrocyte stimulation no longer
¥« b < modulated mPSC frequency. Significant differences with
< < respect to control were established by the Student’s ¢ test

= = t **p < 0.01; ***p < 0.001.
A MK-801 Figure 6. APS5-sensitive astrocyte-induced increase
- in mPSC frequency is not mediated by synaptic
Control High osmolarity Astrocyte stimulation NMDA receptors. A, mPSCs recorded at a holding

40 pA
8s

O

mEPSCs

S *
40 pA 25 pA
10s 20s

mIPSCs

potential of —60 mV in control solution (left). To
block postsynaptic NMDA receptors, we added MK-
801 to the saline while the synaptic release of gluta-
mate was stimulated by the pressure ejection of high
osmolarity saline (center). Several 1- to 50-sec-
duration pressure pulses of high osmolarity solution
(obtained by the addition of 0.3 M sucrose to the
standard saline) were delivered, but only one is
shown. Subsequently, MK-801 was washed out of the
saline. Right, mPSCs recorded at a holding potential

B of —30 mV after the blockage of postsynaptic
82 0 | 0 | NMDA receptors with MK-801. The trace has been
83 offset for illustration purposes. Mechanical stimula-
ol tion of the astrocyte is indicated by the asterisk. Note
£ % that, despite the selective block of synaptic NMDA
= 20 1 20 receptors, the stimulation of astrocytes still evoked
%8 an increase in the frequency of mPSCs. B, Averaged
%% ,__*rf_\ ,_*:_., (n > 50) mEPSCs (dotted lines) in control solution
< 0 0 — and in MK-801 after several pressure pulses of high
~ osmolarity solution. Synaptic activation with high
rfé'g&‘c’,tr'g t’,\m;ﬁzéd - + + - + + osmolarity saline blocked postsynaptic NMDA re-
AP5 - _ + _ - + ceptors, because mEPSCs now exhibited only one

time constant of decay. The decay time course of
mEPSCs was fit to two and to a single exponential

function in control and after MK-801 treatment, respectively (continuous lines). C, Proportion of astrocytes in which mechanical stimulation evoked an
increase in the frequency of mEPSCs (left) and mIPSCs (right) in control solution and after the blockage of synaptic NMDA receptors with MK-801
and high osmolarity saline in the absence and in the presence of 50 uM APS. **p < 0.01.

uM APS5, whereas the fast component remained unchanged (7 =
6.6 = 0.8 msec) (data not shown). After treatment of the synapses
with MK-801 and hyperosmotic solution, the decay phase of the
mEPSCs could be fit by a single exponential with a time constant
(6.6 = 1.6 msec) that was not significantly different from the fast
time constant in control (Fig. 6B, MK-80I), confirming that
postsynaptic NMDA receptors were blocked. Additional evi-
dence that MK-801 had blocked the postsynaptic NMDA recep-
tors was provided by the inability of AP5 to modify further the
mEPSC decay time constant (6.0 = 0.6 and 6.4 * 0.7 msec before
and after APS5, respectively; n = 4).

Once the block of synaptic NMDA receptors was confirmed,
we determined whether astrocytes could increase the frequency
of mPSCs in the absence of MK-801 in the bathing saline.
Despite the sustained open channel blockade of synaptic NMDA
receptors by MK-801, the stimulation of astrocytes still induced
an increase in mPSC frequency that was sensitive to AP5 (Fig.
6A,C). Because synaptic NMDA receptors were blocked by M K-
801, yet astrocytes still evoked an AP5-sensitive increase in mPSC
frequency, we conclude that extrasynaptically located NMDA
receptors mediate this form of synaptic modulation.

To evaluate further the role of the postsynaptic NMDA recep-
tors in mediating the astrocyte-induced increase in mPSC fre-
quency, we dialyzed the Ca®" chelator BAPTA (10 mm) in the
postsynaptic cell and incubated cells with NO-Arg (50 um) that
inhibits the production of nitric oxide, a candidate retrograde
messenger putatively involved in some forms of synaptic plasticity
(Schuman and Madison, 1991; Haley et al., 1992). Neither of
these manipulations affected the ability of astrocytes to modulate
the frequency of mPSCs (see Fig. 5), suggesting that changes in
the postsynaptic neuron and specifically in its [Ca®"]; are not

i

necessary to trigger the astrocyte-induced synaptic modulation.

DISCUSSION

Recent experimental evidence presented by several laboratories
has challenged the traditional idea of astrocytes as being support-
ing cells for neurons and has suggested a more active role for
astrocytes in the nervous system. It has been shown that astro-
cytes exhibit a form of excitability on the basis of intracellular
Ca?* variations and that they can communicate among them-
selves via propagating intercellular Ca*" waves (Cornell-Bell et
al., 1990; Charles et al., 1991; Finkbeiner, 1992; Newman and
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Zahs, 1997). Moreover, astrocytes, which express several neuro-
transmitter receptors (Cornell-Bell et al., 1990; Charles et al.,
1991; Murphy et al., 1993; Duffy and MacVicar, 1995), may
respond to neuronal activity by generating Ca®* waves (Dani et
al., 1992; Porter and MacCarthy, 1996), indicating that neurons
can signal to astrocytes. Furthermore, astrocytes also may signal
to neurons, because astrocyte stimulation can induce Ca** ele-
vations in neurons (Charles, 1994; Nedergaard, 1994; Parpura et
al., 1994; Hassinger et al., 1995; Pasti et al., 1997; Araque et al.,
1998; Bezzi et al., 1998). Therefore, these results suggest that
neurons and astrocytes may function as an interdependent net-
work with bidirectional communication between these elements.

However, despite the recent accumulating data describing the
existence as well as the mechanisms of astrocyte—-neuron signal-
ing, very little is known about their physiological implications. In
a first report addressing that question, we determined the conse-
quences of astrocyte stimulation on electrophysiological proper-
ties and on action potential-evoked synaptic transmission of hip-
pocampal neurons (Araque et al., 1998). We demonstrated that
astrocytes can evoke glutamate-dependent, NMDA, and non-
NMDA receptor-mediated slow inward currents in neurons. We
also have shown that astrocytes can modulate action potential-
evoked synaptic transmission by the activation of presynaptic
mGluRs. In the present study we show additional physiological
consequences of astrocyte stimulation on neuronal function. In-
deed, the results presented above show that astrocyte stimulation
may increase the frequency of both mEPSCs and mIPSCs. One
concern, however, is whether our stimuli, which we direct to the
astrocyte, do elevate the Ca®* level specifically only in the
astrocyte. Experiments that used thapsigargin, intracellular
BAPTA injection into single astrocytes, and single-cell UV pho-
tolysis of NP-EGTA support previous findings indicating that an
intracellular Ca*"* elevation in astrocytes is both necessary and
sufficient to evoke glutamate release and thus the glutamate
receptor-dependent neuronal responses.

Classically, it is considered that changes in the frequency of
mPSCs reflect a modification in the probability of the presynaptic
transmitter release (see Del Castillo and Katz, 1954; Malgaroli
and Tsien, 1992; Manabe et al., 1992; Wyllie et al., 1994). We have
shown that astrocyte stimulation increased the frequency of mP-
SCs without modifying their amplitude distribution, suggesting
that astrocytes induced an alteration of the presynaptic terminal,
increasing the probability of transmitter release. The simplest
interpretation of our present results would be that the effects of
astrocyte stimulation are mediated by NMDA receptors located
in the presynaptic terminal. However, they could not be located in
the synaptic junction per se, because experiments in which we
caused a use-dependent block of synaptic NMDA receptors dem-
onstrate that glutamate released from astrocytes accesses NMDA
receptors located extrasynaptically. Although the presence of
NMDA receptors in presynaptic terminals of the CNS remains to
be determined, such a localization has been postulated by numer-
ous studies that used immunocytochemical localization (Aoki et
al., 1994; Liu et al., 1994; Siegel et al., 1994; Johnson et al., 1996;
Van Bockstaele and Colago, 1996) and biochemical analysis of
neurotransmitter release (Fink et al.,, 1990; Krebs et al., 1991;
Martin et al., 1991; Desce et al., 1992; Pittaluga and Raiteri, 1992;
Cheramy et al., 1996; Wang and Thukral, 1996). However, fur-
ther studies will be required to pinpoint the location of the
NMDA receptors responsible for the astrocyte-induced modula-
tion of the synapse.

We have demonstrated previously that astrocyte stimulation
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reduced the magnitude of action potential-evoked excitatory and
inhibitory synaptic currents by decreasing the probability of
evoked transmitter release via the activation of presynaptic
mGluRs (Araque et al., 1998). This result seems to contrast with
the present data showing an increase in the frequency of mPSCs.
However, these data can be explained because both phenomena
are mediated by separate mechanisms. Indeed, evoked, but not
spontaneous, transmitter release depends on Ca®* influx through
presynaptic Ca®* channels that can be inhibited by presynaptic
mGluRs (Takahashi et al., 1996). Thus, the modulation of evoked
synaptic transmission is not necessarily associated with changes in
the frequency of spontaneous synaptic transmission (Araque et
al., 1994; Gereau and Conn, 1995; Sciancalepore et al., 1995;
Fitzsimonds and Dichter, 1996).

In our experiments we optimized the ability of astrocytes to
evoke the NMDA receptor-dependent increase in mPSC fre-
quency by removing Mg?" from the extracellular saline. How-
ever, under normal extracellular Mg2+ concentration (2 mm)
astrocytes still can induce this response, albeit with a lower
incidence (50.7 = 5.6% in 0 mm Mg?" as compared with 18.7 +
10.9% in 2 mm Mg>") (see also Araque et al., 1998). Although
this demonstrates that astrocytes can cause NMDA receptor-
dependent increases in mPSC frequency under normal extracel-
lular conditions, it also suggests that this pathway is likely to be
activated most effectively under conditions that facilitate ion
conduction through this channel, such as during neuronal depo-
larization that occurs during the induction of long-term potenti-
ation. Thus, one might envision that the astrocyte-induced
mGluR-dependent depression of evoked transmission might give
way to NMDA receptor-dependent facilitation of synapses under
depolarizing conditions.

In conclusion, we have provided evidence that demonstrates in
cell culture that an elevation of Ca®* in astrocytes is both
necessary and sufficient to increase the mPSC frequency of adja-
cent neurons. This astrocyte-induced enhancement of synaptic
transmission is AP5-sensitive but is not mediated by NMDA
receptors that have access to neurotransmitter released at syn-
apses, as indicated by experiments that used the open channel
blocker of NMDA receptors, MK-801, together with synaptic
activation of these receptors. Consequently, we conclude that a
Ca?" elevation in astrocytes induces the release of the transmit-
ter glutamate, which causes an NMDA receptor-dependent in-
crease in mPSC frequency by acting on extrasynaptic NMDA
receptors, which in turn increases the probability of transmitter
release from the presynaptic terminal. Our data reveal new phys-
iological consequences of the proposed existence of bidirectional
communication between neurons and astrocytes (Charles, 1994;
Nedergaard, 1994; Parpura et al., 1994; Hassinger et al., 1995;
Pasti et al., 1997; Araque et al., 1998; Bezzi et al., 1998) and
support a more active role of astrocytes in information processing
in the brain and potentially in supporting synaptic plasticity.
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