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A growing body of evidence proposes that glial cells have the
potential to play a role as modulators of neuronal activity and
synaptic transmission by releasing the neurotransmitter gluta-
mate (Araque et al., 1999). We explore the spatial nature of
glutamate release from astrocytes with an enzyme-linked assay
system and CCD imaging technology. In the presence of glu-
tamate, L-glutamic dehydrogenase (GDH) reduces NAD1 to
NADH, a product that fluoresces when excited with UV light.
Theoretically, provided that GDH and NAD1 are present in the
bathing saline, the release of glutamate from stimulated astro-
cytes can be optically detected by monitoring the accumulation
of NADH. Indeed, stimuli that induce a wave of elevated cal-
cium among astrocytes produced a corresponding spread of
extracellular NADH fluorescence. Treatment of cultures either
with thapsigargin, to deplete internal calcium stores, or with the
membrane-permeant calcium chelator BAPTA AM significantly

decreased the accumulation of NADH, demonstrating that this
fluorometric assay effectively monitors calcium-dependent glu-
tamate release. With a temporal resolution of 500 msec and
spatial resolution of ;20 mm, discrete regions of glutamate
release were not reliably resolved. The wave of glutamate re-
lease that underlies the NADH fluorescence propagated at an
average speed of ;26 mm/sec, correlating with the rate of
calcium wave progression (10–30 mm/sec), and caused a local-
ized accumulation of glutamate in the range of 1–100 mM.
Further analysis of the fluorescence accumulation clearly dem-
onstrated that glutamate is released in a regenerative manner,
with subsequent cells that are involved in the calcium wave
releasing additional glutamate.
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A growing amount of evidence suggests that glial cells are key
modulators of neuronal activity. The first evidence came from the
discovery of temporally related changes in intracellular calcium
concentration ([Ca21]i) in glial and neuronal cells that could
underline a bidirectional communication between those two cell
types (Dani et al., 1992; Charles, 1994; Nedergaard, 1994; Par-
pura et al., 1994; Hassinger et al., 1995, Pasti et al., 1997; Newman
and Zahs, 1998). The neurotransmitter glutamate is the candidate
intercellular messenger used in such cellular cross-talk (Parpura
et al., 1994; Hassinger et al., 1995; Araque et al., 1998a,b). These
observations led to the hypothesis that glial cells could release
glutamate through a calcium-dependent mechanism that resem-
bles the synaptic release of neurotransmitters at the nerve termi-
nal. Three different experimental results support this hypothesis.
First, an elevation in [Ca21]i is necessary and sufficient to elicit
glutamate release from astrocytes (Parpura et al., 1994; Pasti et
al., 1997; Newman and Zahs, 1997; Bezzi et al., 1998). Second,
cortical astrocytes are endowed with classical synaptic proteins, or
their analogs (Parpura et al., 1995; Hepp et al., 1999; Maienschein
et al., 1999). Third, clostridial toxins, which cleave synaptic pro-

teins, can block glutamate release from astrocytes (Jeftinija et al.,
1997; Bezzi et al., 1998).

Although it is known that glutamate can be released from
astrocytes, the spatiotemporal nature of this signal has not been
defined. This is in marked contrast to our knowledge of the
calcium signal that stimulates glutamate release, which is known
to be able to spread as a radial wave from its point of origin
(Charles et al., 1991). Previous work has shown that L-glutamic
dehydrogenase can be used as a detector of glutamate release
from cortical and hippocampal astrocytes in slice (Bezzi et al.,
1998). However, fluorometric measurements on cell populations,
such as HPLC analysis (Parpura et al., 1994), cannot provide both
spatial and temporal resolution of glial glutamate release. There-
fore, in this study we have asked whether we can use the
L-glutamic dehydrogenase-based approach at the level of single
cells to visualize glutamate release. We demonstrate fluorescence
detection of glutamate release and provide the first demonstra-
tion of regenerative waves of extracellular glutamate.

MATERIALS AND METHODS
Cell culture. Purified cortical astrocyte cultures were prepared as previ-
ously described (Parpura et al., 1995). Briefly, cortices were dissected
from 1- to 2-d-old Sprague Dawley rats and enzymatically treated (pa-
pain, 20 IU/ml; 1 hr, 37° C). After mechanical dissociation in a-minimum
essential medium (a-MEM; Life Technologies, Gaithersburg, MD), the
cells were plated into culture flasks. They were grown to confluence at
37°C in a humidified 5% CO2/95% air atmosphere. Culture medium
consisted of a-MEM supplemented with fetal bovine serum (Hyclone,
Logan, UT) and containing 40 mM glucose, 2 mM L-glutamine, 1 mM
pyruvate, 14 mM NaHCO3, penicillin (100 IU/ml) and streptomycin (100
mg/ml), pH 7.35. After ;8 d the flasks were shaken twice on a horizontal
orbital shaker at 260 rpm, first for 1.5 hr, and then, after replacement of
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the medium, again for 18 hr. The remaining adherent cells were enzy-
matically detached with trypsin (0.1%). Cells were then pelleted (100 3
g, 10 min), resuspended in a-MEM, and plated onto glass coverslips
inserted into Petri dishes. The cells were used in experiments after 1–4
d in culture.

Glutamate measurement. Glutamate levels were detected using an
enzymatic assay (Nicholls and Sihra, 1986; Nicholls et al., 1987; Ayoub
and Dorst, 1998; Ayoub et al., 1998; Bezzi et al., 1998; Maguire et al.,
1998). In the presence of glutamate, L-glutamic dehydrogenase (GDH)
reduces b-nicotinamide adenine dinucleotide (NAD 1) to NADH, a
product that fluoresces when excited with UV light. Provided that GDH
and NAD 1 are added to the saline in which astrocytes were bathed, any
glutamate released in the medium can be detected as an increase in
NADH fluorescence.

Experiments were performed using an inverted microscope (Diaphot
200; Nikon, Tokyo, Japan) equipped for epifluorescence microscopy. The
light from a xenon arc lamp (100 W) was filtered at 360 nm (D360/10X;
Chroma Technology Corp., Brattleboro, VT) and delivered to the sam-
ple through a 403 oil immersion objective (1.3 numerical aperture).
Fluorescent emission was collected through a dichroic mirror
(510DRLP; Omega Optical, Brattleboro, VT) and filtered with a
515EFLP filter (Omega Optical). Light was detected using either a cooled
digital camera (ORCA; Hamamatsu, Hamamatsu City, Japan) or a photo-
multiplier tube (PMT; Thorn EMI Gencom Inc., West Byfleet, UK).

Cells were bathed in an enzymatic assay solution (GDH saline) com-
posed of external solution containing (in mM): NaCl, 140; KCl, 5; MgCl2,
2; CaCl2, 2; HEPES, 10; glucose, 10 and supplemented with GDH (;56
U/ml) and NAD 1 (1 mM), pH 7.35. The presence of cells or cell
stimulation did not have any apparent effect on the intrinsic activity of
GDH (Nicholls and Sihra, 1986). All the experiments were performed at
room temperature (20–23°C) using confluent astrocyte culture, unless
stated otherwise.

PMT data acquisition and analysis. In initial studies the fluorescence
arising from the entire optical field was collected by a PMT at an
acquisition rate of 0.3 kHz. Background subtraction of the fluorescent
signals was performed by subtracting values recorded from the cells
bathed in the solution lacking GDH and NAD 1. Data were expressed as
dF/Fo (%), where F o represents the fluorescence level of the optical field
before cell stimulation, and dF represents the change in fluorescence.
When using this approach Fo represents the sum of fluorescence emitted
from GDH plus NAD 1 plus basal NADH (either as a contaminant or
because of enzymatic activity). Normalization to this baseline fluores-
cence value allowed day-to-day comparisons between experiments. For
each different experimental condition, data were collected from at least
three different cultures. Statistical significance was established using the
Mann–Whitney U test.

Imaging acquisition and processing. For time-lapse image acquisition,
the epifluorescence microscope was equipped with a cooled digital cam-
era (ORCA, Hamamatsu) that was controlled by Metamorph software
(Universal Imaging Corp., West Chester, PA). For quantitative studies,
the temporal dynamics in fluorescence were expressed as background-
subtracted dF/Fo as described for the PMT experiments. Images pre-
sented in the figures have been spatially filtered with a low-pass filter.

Measurement of intracellular Ca 21. Calcium measurements were per-
formed in order to monitor the ability of the mechanical stimulation to
evoke a wave of elevated calcium in astrocytes. [Ca 21]i was measured by
monitoring the fluorescence of the Ca 21 indicator fluo-3. This indicator
was loaded into cells by incubation for 30 min, at room temperature, in
the AM ester derivative of the dye. Fluorescent excitation was provided
using a 480DF10 band-pass filter (Omega Optical). The dichroic mirror
and the emission filter used to collect the fluorescence from fluo-3 were
identical to those used in imaging experiments assaying glutamate levels.
Because visible calcium indicators are also excited by UV light and
because of the weak fluorescence signal arising from NADH, we were
unable to perform simultaneous glutamate and calcium imaging
experiments.

Calibration of extracellular glutamate levels. To estimate the extracel-
lular levels of glutamate in the vicinity of astrocytes, we performed a
simple calibration procedure in which known concentrations of gluta-
mate were added to NAD 1 and GDH containing saline. Experimentally
this was performed by mixing the solutions from two inlet tubes in our
perfusion chamber. One solution contained NAD 1 (1 mM) and GDH
(concentrated 23), and the other contained glutamate (23 concentra-
tion) and NAD 1 (1 mM). Initially both solutions were washed through
the laminar flow perfusion chamber in a rapid manner so that they only

mixed with one another for ;0.5 sec. Subsequently, the flow of the
solution was stopped to allow the reaction to continue and for the
fluorescent product to accumulate in a concentration- and time-
dependent manner. Although the amplitude of the fluorescence signal
can approach a plateau after tens of seconds to minutes, we performed a
calibration by determining the fluorescence intensity after 20 sec of the
reaction, a time frame similar to the period needed to achieve the peak
fluorescence signal recorded when astrocytes release glutamate. This
calibration can only be taken as a rough estimate of concentration of
glutamate around astrocytes, because the release of glutamate from cells
is transient and because released glutamate is diluted within the volume
of the perfusion chamber.

Mechanical stimulation. To evoke radially propagating waves of ele-
vated calcium in astrocytes, we used mechanical stimuli. Although this is
probably not a physiological stimulus, it is known to activate intracellular
signal transduction pathways and provides a method with both temporal
and spatial control (Charles et al., 1991). Furthermore, because, in these
experiments, we must allow small quantities of neurotransmitter and
reaction products to accumulate extracellularly, it offers a stimulus that
does not require mixing of the bathing solution, as would be necessary if
neurotransmitters were applied as the proximate stimulus. To provide
mechanical stimuli to astrocytes (Charles et al., 1991; Araque et al.,
1999), a glass pipette was gently brought into contact with the cell
surface. To control contact between the cell and the pipette we moni-
tored the pipette resistance during delivery of 10 mV square pulses (3900
integrating patch-clamp amplifier; Dagan Instruments, Minneapolis,
MN). In control experiments, using calcium indicators, we reliably found
that contact between the cell and pipette, as monitored by an increase in
pipette resistance, resulted in a calcium wave.

Electrical stimulation. In some experiments astrocytes were stimulated
extracellularly (100–150 V, 100 msec duration, 2 Hz) using glass pipettes
filled with GDH saline. Identical results were found using either mechan-
ical or electrical stimulation.

Materials. a-MEM was purchased from Life Technologies. Thapsigar-
gin, GDH (G2626), and NAD 1 (N7004) were obtained from Sigma (St.
Louis, MO), whereas fluo-3 AM, BAPTA AM, and 4-bromo (Br)
A23187 were bought from Molecular Probes (Eugene, OR).

RESULTS
Gentle mechanical contact between a patch pipette and the sur-
face of an astrocyte leads to a wave of elevated internal calcium
that propagates from astrocyte to astrocyte. Figure 1 shows an
example of a calcium wave that propagates over a radius of 250
mm at an average rate of 16 mm/sec. This image sequence, which
was collected using a 203 objective, serves to demonstrate the
radial nature of the calcium wave. In subsequent experiments in
which we monitor NADH fluorescence that results from gluta-
mate release, we were limited to using a high-numerical aperture
(1.3) 403 objective to detect the weak fluorescence signal. Con-
sequently, although calcium waves can propagate for .250 mm
(wave diameter, 500 mm), as shown in Figure 1, we were limited
to collecting fluorescence information in glutamate assays from a
spatially restricted region of only ;200 mm (Fig. 1, dashed circle).
Thus, in subsequent experiments we are only able to monitor
glutamate release from a subregion of the complete calcium wave.

Enzyme-linked assay to monitor glutamate release
from astrocytes
To detect the release of glutamate from cultured astrocytes, we
used an enzyme-linked system that consists of GDH and NAD1.
In the presence of glutamate, GDH reduces NAD1 to NADH
according to the following reaction:

Glutamate2 1 NAD1 1 H2O7a-ketoglutarate22 1 NADH

1 NH4
1 1 H1.

Because NADH fluoresces when excited with UV light, the en-
zymatic reaction catalyzed by GDH can be followed as changes in
NADH fluorescence and used as an indirect indicator of gluta-
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mate level. The ability of the GDH-based assay to measure
physiological levels of glutamate in the culture medium of cortical
astrocytes was initially tested using a PMT (Fig. 2A). Such a
detector allowed high temporal resolution and high sensitivity to
collect any change in NADH fluorescence originating from stim-
ulated astrocytes.

To stimulate glutamate release from astrocytes, cells were
gently touched with a glass pipette, a stimulus that initiates an
inositol triphosphate (IP3)-dependent Ca21 wave that propa-
gates throughout the astrocyte network (Fig. 1; Charles et al.,
1991; Araque et al., 1999). When GDH and NAD1 were added
to the bathing saline, stimulation of astrocytes induced a transient
increase in the NADH fluorescence above the cells (Fig. 2B,
continuous trace), consistent with the fluorescence detection of
glutamate release (n 5 42). Because subsequent bath perfusion
reduced the fluorescence intensity, it is likely that it results from
the accumulation of extracellular NADH. To confirm that the
fluorescence signal originates from the activity of the extracellu-
lar GDH, we performed identical experiments with the detection
system lacking one of its components. When either NAD1 or
GDH (Fig. 2B, dotted trace) were omitted from the bathing saline,
no changes in fluorescence were detected after stimulation of
astrocytes (n 5 5).

Having demonstrated the extracellular localization of the
NADH signal, we next confirmed the calcium dependence of the
increase in extracellular NADH fluorescence that was detected
during calcium waves (Charles, 1994; Parpura et al., 1994; Hass-

inger et al., 1995; Pasti et al., 1997; Araque et al., 1998a; Bezzi et
al., 1998). In a first set of experiments, we preincubated the cells
with thapsigargin (1 mM), which blocks the activity of the Ca21-
ATPase located on IP3-sensitive intracellular compartments and
discharges the calcium content of the intracellular calcium stores
with time (Thastrup et al., 1990; Lytton et al., 1991). Consistent
with previous observations (Charles et al., 1993; Newman and
Zahs, 1997; Araque et al., 1998a), after thapsigargin treatment,
astrocytes responded to mechanical stimulation with reduced
calcium elevations (n 5 22). Because glutamate can be released
by astrocytes in a calcium-dependent manner, lower intracellular
calcium elevations should induce less glutamate release and
hence lead to a reduction in accumulation of extracellular
NADH. Figure 3A shows that thapsigargin reduced the peak
accumulation of NADH fluorescence that is induced by mechan-
ical stimulation of astrocytes by 69% ( p , 0.01, Mann–Whitney
U test). Each open circle represents individual experimental data
points; meanwhile, the closed circle represents the median of the
values (control cells median dF/Fo 5 44%; n 5 21; thapsigargin
pretreated cells median dF/Fo 5 14%; n 5 22).

A comparable reduction in NADH accumulation was obtained
in a second set of experiments, in which astrocytes where prein-
cubated with 10 mM BAPTA AM for 1 hr (Fig. 3B). This calcium
chelator blocks the calcium elevation induced by mechanical
stimulation in astrocytes (data not shown; see also Araque et al.,
1998a,b). Consistent with the expected reduced calcium elevation
and thus reduced glutamate release, we observed a 74% reduction

Figure 1. Mechanical stimulation of a single astrocyte induces a propagating wave of calcium elevation in cultured confluent astrocytes. The drawing
in the top lef t corner illustrates the position of the pipette with respect to the stimulated astrocyte and the entire optical field. The sequence of
fluorescence images (2 sec apart, arrow), which runs from the top lef t to the bottom right, starts with the first image showing an elevation of calcium
concentration in the stimulated astrocyte. The dashed circle indicates a restricted area 200 mm in diameter, which corresponds to the average size of the
optical field during experiments investigating glutamate release (for example, Fig. 4). The color scale indicates linear pseudocolor representation of
fluorescence intensity ranging from 0 to 4095.
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( p , 0.01, Mann–Whitney U test) in extracellular NADH fluo-
rescence arising from stimulated astrocytes (control median
dF/Fo 5 51%; n 5 21; BAPTA median dF/Fo 5 13%; n 5 18).
These results indicate that the fluorescence detection of NADH
is effectively monitoring calcium-dependent glutamate release
and act as an important control against potential consequences of
damage associated with mechanical stimuli.

To confirm that a calcium elevation is sufficient to increase
glutamate release and as a further evaluation of the GDH assay
for glutamate, cells were incubated in the Ca21 ionophore 4-Br
A23187. Addition of the calcium ionophore (10 mM, 9–12 min)
increased calcium levels in astrocytes (data not shown) and
caused an elevation in NADH fluorescence (Fig. 3C; median
dF/Fo 5 54%; n 5 7 compared with median dF/Fo 5 17%; n 5 6
in sham experiments when no ionophore was added; p , 0.01,
Mann–Whitney U test). Taken together, these studies, which have
perturbed glutamate release by interfering with intracellular cal-
cium homeostasis, have clearly demonstrated that monitoring the
fluorescence of NADH in the bathing solution is an effective
assay for the release of glutamate from astrocytes.

Imaging the calcium-dependent release of glutamate
from cultured astrocytes
Having demonstrated the utility of the GDH-based assay for
monitoring glutamate release, we used a cooled digital camera
with high sensitivity to image spatiotemporal dynamics of gluta-

mate release in cell culture. Figure 4 illustrates a typical example
of a total of 14 experiments performed. The bright-field image
shows a small “carpet” of astrocytes (approximately five or six
cells). A patch pipette was used to mechanically stimulate one
astrocyte. The fluorescence images show that an increase in
fluorescence started where the astrocyte was stimulated and ex-
panded radially to the entire optical field in a few seconds. In ,1
min, the fluorescence level returned to initial values. In parallel
experiments we demonstrated the absence of fluorescent signal
when one of the components of the enzyme-based assay was
omitted from the GDH saline or when astrocytes were not stim-
ulated (n 5 4). Additionally, treatments that interfered with
elevations of [Ca21]i in astrocytes, such as BAPTA preincuba-
tion (n 5 3), attenuated the magnitude of the fluorescent NADH
signal.

Because endogenous GDH activity in retinal Müller cells, a
special subtype of glial cells, has been used to monitor the uptake
of glutamate from the extracellular space (Barbour et al., 1993),
we asked whether the addition of extracellular glutamate would
change astrocyte autofluorescence. Addition of 1 mM glutamate
to our external saline had no effect on astrocyte autofluorescence,
in the absence of exogenous GDH and NAD1 (data not shown).
Because our control experiments demonstrated that cellular
autofluorescence is unchanged by either the presence of gluta-

Figure 2. GDH can detect changes in extracellular glutamate levels that
result from elevated internal calcium in astrocytes. A, Confluent cultures
of purified astrocytes were bathed in a GDH saline. The entire optical
field was illuminated by UV light, and the fluorescence emission was
detected with a PMT. A glass pipette was used to gently tap the surface
of an astrocyte to evoke a wave of elevated calcium and cause the release
of glutamate. B, Fluorescence signals resulting from the accumulation of
NADH that is generated as a result of the release of glutamate from
stimulated astrocytes (continuous line). No changes in fluorescence were
detected when GDH, NAD 1, or both (dotted line) were omitted from the
bathing solution. (Note that the signal shown by the dashed line is offset
for display purposes.) The tip of the pipette in B indicates the time when
pipette–cell contact occurred. Changes in fluorescence are expressed as
dF/Fo (Fo 5 fluorescence level before cell stimulation; dF 5 change in
fluorescence).

Figure 3. Calcium is both necessary and sufficient for the appearance of
NADH fluorescence. The release of glutamate was detected by incubating
astrocytes in an NAD 1 and GDH containing saline and fluorescently
monitoring the accumulation of NADH. Pretreatment for 30 min at room
temperature with 1 mM thapsigargin (A) or for 1 hr at 37°C with 10 mM
BAPTA AM (B) significantly reduced the amplitude of the NADH
fluorescence ( p , 0.01, Mann–Whitney U test), indicating that calcium is
necessary for the glutamate-dependent accumulation of NADH. C, Ap-
plication of the calcium ionophore 4-Br A23187 (10 mM, 9–12 min), which
elevated internal calcium levels, caused a significant ( p , 0.01, Mann–
Whitney U test) increase in extracellular NADH fluorescence attributable
to the induction of calcium-dependent glutamate release. Each open circle
refers to a single experiment, and closed circles represent the median value
for each group. The amplitude of NADH fluorescent signals after stim-
ulation of astrocytes is expressed as a percent change in dF/Fo.
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mate or by stimulation of astrocytes, the NADH fluorescence
detected in our experiments can be completely ascribed to gluta-
mate released from astrocytes.

We assessed whether the amplitude of the recorded NADH
elevations reported glutamate levels expected from a physiologi-
cal release process. We measured the fluorescent emission orig-
inating from a GDH saline when known concentrations of gluta-
mate were added. This GDH-based assay showed a logarithmic
relationship between glutamate concentration (1–100 mM) and
NADH fluorescence intensity (Fig. 5). Comparison of such “‘in
vitro ” recordings with the NADH changes allowed us to estimate
that calcium elevations in astrocytes resulted in local glutamate
concentrations in the range of 1–100 mM (Fig. 5).

To provide a visual aid of the relative rates of calcium and
glutamate waves, we have superimposed 200-mm-diameter circles
that are centered around the point of stimulation in Figures 1 and
4. Note that in both examples the fluorescent signal takes about
4–8 sec to reach the edge of the circle, indicating that they travel
with similar speeds. Further analysis of the glutamate wave dem-
onstrated that they travel at an average speed of 26 6 11 mm/sec
(n 5 10), which compares favorably with the speed of calcium
waves (10–30 mm/sec) (Cornell-Bell et al., 1990; Charles et al.,
1991; Dani et al., 1992; Nedergaard, 1994).

Because NADH is free to diffuse extracellularly, it is unclear
whether the spatial extent of the NADH signal results from
diffusion from a point source or from the release of glutamate
from multiple cells that participate in the propagating calcium
wave. To distinguish between these possibilities, we first studied
the spatial characteristics of the NADH fluorescence signal when
glutamate was briefly ejected from the tip of a pipette. Ejection of
glutamate from a pipette (pressure ejection, 14 msec, 50 psi) into
saline-containing NAD1 and GDH caused a relatively localized
and spatially dissipating NADH fluorescent signal. The “raw”
images shown in Figure 6A demonstrate that NADH originates

as a small point, which was adjacent to the tip of the ejection
pipette, and then spreads radially and subsides with distance and
time. (Note that the fluorescence in the first image is attributable
to fluorescence associated with the pipette tip, not to NADH in
the bathing saline.) The full-width half maximum of the initial
NADH fluorescent signal acquired in the first image was 21 mm
and defines the lower limit on spatial resolution of our glutamate
imaging system.

Because of the persistence of NADH in the extracellular sa-
line, this sequence of raw images does not provide a realistic
picture of the timing of glutamate addition. To more accurately
reflect glutamate ejection, the images are shown as difference
images in Figure 6B, in which the previous image is subtracted
from the current image [image n 2 (n 2 1)]. Such a subtraction
protocol demonstrated that glutamate was ejected for a duration
corresponding to one image frame interval (1 sec) or less, and
that the sustained increased fluorescence is attributable to the
slow diffusion of glutamate and/or NADH from the ejection point
to the periphery of the optical field.

To evaluate the spatial extent of glutamate release from astro-
cytes, we made two modifications to our procedures. First, we
displayed all NADH fluorescent traces as difference images as
described above. Second, we examined areas of cultures in which
there were regions devoid of cells. Two examples are shown in
Figure 7. The top lef t image in Figure 7A shows a bright-field
image of astrocytes, in which the dotted line delineates the area
where cells were present. The shadow in the lef t, bottom corner,
arises from the patch pipette used to stimulate the astrocyte
underneath. The subsequent sequence of fluorescence images
shows the spatial and temporal properties of the stimulated flu-
orescence increase. Note that presentation of these difference
images demonstrates that the majority of the fluorescence signal
coincided with the location of the cells. Additionally, these dif-
ference images clearly show that NADH is continuing to accu-

Figure 4. Time-lapse imaging of NADH fluores-
cence after stimulation of astrocytes. The image in
the top lef t corner is a phase-contrast micrograph of
the cultured astrocytes. The sequence of fluores-
cence images, which runs from top lef t to bottom
right, (camera integration time, 2 sec) was collected
during stimulation of an astrocyte within the opti-
cal field. In the presence of GDH and NAD 1 a
wave-like appearance of fluorescent NADH can be
seen that results from the release of glutamate
from the astrocytes. The color scale indicates linear
pseudocolor representation of fluorescence inten-
sity ranging from 0 to 400. A 200-mm-diameter
circle, centered around the site of stimulation, is
superimposed on the first five images. Comparison
with the calcium wave shown in Figure 1 shows
that the speed of the NADH (glutamate) wave is
similar to that of calcium waves. Arrow, 4 sec image
interval.
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mulate for 12–13 sec. Figure 7B shows a separate culture in which
an “arm” of astrocytes is extending from a main body of these
cells that is located beyond the top right boundary of the images
that are shown. Pipette–cell contact, to stimulate a calcium wave
and glutamate release, leads to the appearance of NADH fluo-
rescence that initially spreads radially within the arm of astro-
cytes. However, with further time, newly appearing NADH,
which is selectively presented in these difference images, is lo-
cated in the top right corner of the image. This spatial pattern of
NADH fluorescence presumably results because glutamate is

released from astrocytes as the calcium wave propagates to the
main body of the astrocytes that is beyond the limit of this image
window. Because the appearance of NADH fluorescence, which
is our assay for glutamate release, follows the path of the astro-
cytes, these data suggest that each astrocyte involved in the
propagating calcium wave releases glutamate, leading to an ex-
tracellular wave of this signal.

We directly compared the spatiotemporal relationship of the
NADH signal arising from glutamate ejected from a pipette (n 5
3) with glutamate released during calcium waves (n 5 3). Three
areas (5 mm radius) were chosen to quantify the spatiotemporal
changes in NADH fluorescence as shown in the bright-field
images (Fig. 8A,C). The graph in Figure 8B shows the fluores-
cence traces in the three areas after glutamate ejection from a
pipette. The peak amplitude of the fluorescence signal decays
with distance from the ejection pipette, as expected by a diffu-
sional process. However, when astrocytes were stimulated, we saw
little or no attenuation of the amplitude of the NADH fluores-
cence at sites remote from the stimulation pipette (Fig. 8D).
However, the intensity of fluorescence did decrease in cell free
regions (Fig. 8C,D, position 3). Such a result discounts the pos-
sibility that the NADH signal, resulting from glutamate release,
arises only from a point source but rather supports the notion that
each astrocyte releases additional glutamate.

DISCUSSION
The use of glutamate dehydrogenase to assay the presence of
glutamate has previously been shown to be a very useful tool to
study the release of glutamate from synaptosomes (Nicholls and
Sihra, 1986; Nicholls et al., 1987) and to monitor glutamate
release in hippocampal and retinal slices (Ayoub and Dorst, 1998;
Ayoub et al., 1998; Bezzi et al., 1998; Maguire et al., 1998). We
have now extended this study to investigations of the spatiotem-
poral kinetics of glutamate release from cultured astrocytes. Our
results demonstrate that this method can have spatiotemporal
resolution of 20 mm using 500 msec camera integration times in
imaging experiments. With this resolution we have been able to
provide the first documentation of an extracellular wave of glu-
tamate that is released as a result of elevations of internal calcium
in astrocytes. Although technical limitations prevented simulta-
neous imaging of internal calcium levels and extracellular gluta-
mate, the rate of the glutamate wave (26 mm/sec) corresponds

Figure 5. Calibration of NADH fluorescence. A, NADH fluorescence
signal resulting from mixing known concentrations of glutamate with
GDH saline (circles represent the mean of two measurements at each
glutamate concentration). Note there is a logarithmic relationship be-
tween glutamate concentration and NADH fluorescence. B, Frequency
distribution histogram of the NADH fluorescence levels after stimulation
of astrocytes. For each experiment (n 5 10), we randomly chose 13
regions in the optical field from which to measure the NADH intensity.
The peak change of fluorescence in each region was measured. Compar-
ison of A with B allows an estimate of the glutamate levels surrounding
astrocytes. The amplitude of NADH fluorescent signals is expressed as a
percent change in dF/Fo.

Figure 6. Passive diffusion of glutamate and NADH from a point source. To determine the spatial resolution of the glutamate imaging system we ejected
glutamate (10 mM) from the tip of a pipette. A, A sequence of fluorescence images is shown during the ejection of glutamate (14 msec pressure pulse)
from a pipette tip in a saline containing GDH and NAD 1. Note that the fluorescence in the first image is attributable to fluorescence associated with
the pipette tip, not to NADH in the bathing saline. B, The same images as shown in A were processed by subtraction of the previous image [n 2 (n 2
1)] to obtain difference images (an image obtained before the first raw image in A was used in the subtraction to calculate the first difference image shown
in B). Note these difference images clearly show the timing of appearance of new fluorescent molecules (see Results). Camera integration time, 500 msec.
Arrow, 1 sec image interval. The color scale indicates linear pseudocolor representation of fluorescence intensity ranging from 0 to 600 in A and from
0 to 300 in B.
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very well with the rate of calcium waves (10–30 mm/sec) (Cornell-
Bell et al., 1990; Charles et al., 1991; Dani et al., 1992; Neder-
gaard, 1994).

Although we could reliably detect the release of glutamate
from astrocytes, it was not possible to resolve discrete locations of
the cell that released glutamate. However, this is not unexpected,
because the spatial resolution of our system is only ;20 mm.
Furthermore, with camera integration times of 500 msec, there is
sufficient time for lateral diffusion of glutamate and NADH from
any discrete release areas that will limit our ability to resolve local
zones of transmitter release. One manner in which it might be
possible to obtain enhanced spatial resolution in future studies
will be to trigger image capture with timed calcium elevations.
For example, repeated short-duration camera exposures (;50
msec) timed to follow photolysis-evoked elevations of internal
calcium should enhance spatial resolution. However, this experi-
ment is likely to be complex, because photolysis of calcium cages,
as well as fluorescence excitation of NADH, both require UV
illumination.

In these studies we used mechanical stimulation to evoke cal-
cium elevations in astrocytes. This stimulus was necessary be-
cause it permitted us to image cells without significant stirring of
the saline solution that would accompany application of ligands.

Although concern must be exerted when using mechanical stim-
uli, several controls indicate that the release of glutamate is the
result of a physiological, calcium-dependent process, rather than
the result of transmitter leakage associated with mechanical in-
jury. For example, the addition of thapsigargin and BAPTA, to
perturb intracellular calcium signaling, significantly attenuated
the NADH fluorescent signal, a result that is only consistent with
a physiological calcium-dependent glutamate release pathway.
Additionally, to ensure that our stimulus was as innocuous as
possible, we monitored the axial resistance of a patch pipette as it
approached the cell surface. In calcium imaging studies we con-
firmed that on detection of a resistance change associated with
pipette–cell contact, we observed the onset of a calcium wave.
Although it is not possible to quantify the forces that were
exerted onto the cell membrane, monitoring pipette resistance
allowed us to confirm that minimal forces were applied to cells,
and that it is highly unlikely that damage was inflicted on the cell.
Finally, because it has been shown that neuroligands can cause
the calcium-dependent release of glutamate from astrocytes (Par-
pura et al., 1994; Bezzi et al., 1998), mechanical stimulation is
thought to be tapping into a phospholipase C-dependent pathway
in astrocytes (Charles et al., 1991), which ultimately results in the
release of glutamate (Araque et al., 1999).

Figure 7. Spatial distribution of NADH fluorescence in a nonconfluent astrocyte culture. A, The bright-field image at the top lef t corner shows an optical
field just partially covered by cells (inside the region defined by the dotted line). The shadow in the bottom lef t corner represents the position of the glass
pipette, which was used to mechanically stimulate an underlying astrocyte. The series of fluorescence images shows the spatial dynamics of NADH
fluorescence, and thus extracellular glutamate, after mechanical stimulation. Note that the interval between each frame (integration time 5 0.4 sec) is
1 sec (arrow), instead of 4 sec as in Figure 4. Each image had the image that was collected 3 sec early subtracted from it ([n 2 (n 2 3)]). The color scale
indicates linear pseudocolor representation of fluorescence intensity ranging from 0 to 200. B, Second example of the spatial proximity of the NADH
fluorescence signal to the underlying astrocytes. A nonconfluent culture of purified astrocytes is shown in the bright-field image that is located at the
top lef t corner. The set of fluorescence images shows the spatiotemporal dynamics of the NADH fluorescence. Note that near the end of the image
sequence, increases in NADH fluorescence are located in the top right portion of the field of view as the calcium wave (data not shown) presumably
propagates to neighboring astrocytes that are outside of the field of view (see Results for further explanation). The images were processed as [n 2 (n 2
3)] and low-pass-filtered. Arrow, 1 sec image interval. The color scale indicates a linear pseudocolor representation of fluorescence intensity ranging from
0 to 400.
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To determine the potential physiological utility of the gluta-
mate wave that we have imaged, we performed a calibration of
our assay system. Although such a calibration is complex, not only
involving substrate and enzyme concentrations but also the du-
ration of incubation, we estimate that the GDH-based assay can
sense ;1 mM extracellular glutamate. Furthermore, we estimate
that the extracellular concentration of glutamate surrounding
astrocytes in these experiments was able to reach up to 100 mM in
some experiments (Fig. 5). Because even low concentrations of
glutamate can desensitize AMPA receptors (Trussell and Fisch-
bach, 1989; Zorumski et al., 1996), it is likely that this range of
extracellular concentration of glutamate has the potential to have
a significant impact on the physiology of associated neurons. This
is certainly in agreement with previous studies that have demon-
strated glutamate-dependent astrocyte-induced neuromodulation
(Parpura et al., 1994; Hassinger et al., 1995; Pasti et al., 1997;
Bezzi et al., 1998; Araque et al., 1998a,b; Kang et al., 1998;
Newman and Zahs, 1998).

Now that we have directly demonstrated waves of extracellular
glutamate accompanying elevated internal calcium in astrocytes,
it will be very interesting to define the various conditions that
result in such elevations of this transmitter in the brain. Stimula-
tion of afferents in the hippocampus leads to elevations of astro-
cyte calcium level (Dani et al., 1992; Porter and McCarthy, 1996),
and waves of elevated calcium in astrocytes have been imaged in
the hippocampus (Harris-White et al., 1998). Do these calcium
elevations lead to corresponding waves of extracellular glutamate
similar to those that we have been able to directly image in this
study? In addition to physiological conditions there are patholog-

ical states that might use waves of extracellular glutamate. For
example, spreading depression is accompanied by a wave of
elevated calcium in astrocytes (Basarsky et al., 1998; Kunkler and
Kraig, 1998). Does this lead to a local release of glutamate from
these glia, too? Because we have detected significant concentra-
tions of extracellular glutamate in this cell culture study, it is
likely that the activation of this astrocytic glutamate release
pathway has significant physiological consequences in the nervous
system, as well having the potential to underlie certain patholog-
ical conditions.
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