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Localized action of released neurotransmitters is the basis for synaptic independence. In the
hippocampal neuropil, where synapses are densely packed, it has been postulated that released
glutamate, by diffusing out of the synaptic cleft, may also activate postsynaptic receptors at
neighboring synapses. Here we show that neighboring excitatory synapses on hippocampal CA1
pyramidal cells can cooperate in the activation of postsynaptic receptors through the confluence
of released glutamate, and that this cooperation is controlled by glutamate uptake. Furthermore,
glutamate transporters control temporal interactions between transmitter transients originating
from the same axon. Thus, cooperative interactions between excitatory synapses are modulated in
space and time by glutamate uptake.

At hippocampal excitatory synapses, released glutamate diffusing from the synaptic cleft is efficiently taken up by transporter
proteins located on surrounding glial processes1–3. Under conditions of increased neuronal activity, however, glutamate can
escape transporter uptake in sufficient quantities to activate presynaptic receptors at neighboring terminals4–6. Experimental evidence7,8 and theoretical studies9,10 suggest that glutamate can
also diffuse to postsynaptic receptors at neighboring synapses, a
situation that could be the basis for feed-forward cooperation
between neighboring synapses through confluence of released
transmitter9. This could underlie the local breakdown of synaptic specificity of long-term potentiation11 and may represent a
mechanism for the amplification of synchronous activity, as for
inhibitory synapses in the activation of GABAB receptors 12.
Experiments aimed at promoting cooperation (by inhibiting glutamate transporters, for example) have so far failed to prolong
the time course of hippocampal excitatory synaptic responses13–15. Thus it is not known whether hippocampal microarchitecture 2 and biophysical properties allow the confluence of
glutamate released from neighboring synapses, and hence their
cooperation in the activation of postsynaptic receptors.
By inhibiting glutamate transport with the uptake blocker
TBOA16 and/or by varying the density of active synapses, we show
that presynaptic terminals on Schaffer collaterals can cooperate in
the activation of NMDA receptors (NMDARs) located on CA1
pyramidal cells through the confluence of released glutamate.

RESULTS
Spatial interactions between glutamate transients
We evoked NMDAR-mediated excitatory postsynaptic currents
(EPSCs) in CA1 pyramidal cells clamped at +40 mV by stimulating Schaffer collaterals in acute hippocampal slices in the presence of AMPA/kainate and GABAA receptor antagonists (25 µM
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NBQX, 50 µM bicuculline and 50 µM picrotoxin; average
NMDAR-mediated EPSC amplitude, 450 ± 66 pA; n = 8) at
33°C. Bath perfusion with the glutamate uptake blocker TBOA
(50–100 µM) induced an outward current (320 ± 90 pA; n = 8)17
and prolonged EPSCs (half decay, 100 ± 9 ms in control versus
240 ± 37 ms in TBOA; n = 8) consistent with a prolongation of
the transient of synaptically-released glutamate (Fig. 1).
To test whether this prolongation involved confluence of
glutamate from nearby release sites, we used two approaches
aimed at decreasing the spatial density of activated synapses.
First, we reduced the probability of transmitter release by
decreasing the extracellular [Ca2+]/[Mg2+] ratio (from 2.5 mM
Ca2+/1.3 mM Mg2+ to 1 mM Ca2+/4 mM Mg2+; average amplitude of the NMDAR-mediated EPSC, 21 ± 2% of control; n = 8;
Fig. 1). However, this reduces both the number of active release
sites and the number of quanta released at a single contact18,
thereby reducing the local concentration of transmitter. Therefore, while keeping probabilities of release constant, we also
decreased the spatial density of activated synapses by decreasing stimulation intensity (average EPSC amplitude, 21 ± 4%
of control; n = 8; Fig. 1). Both protocols reversed the effect of
TBOA on the decay of NMDAR-mediated EPSCs (half decay,
140 ± 19 ms in low Ca2+/Mg2+ and 120 ± 8 ms with low stimulation; n = 8; Fig 1).
Because the measurement of half decay is noisy, particularly
for smaller-amplitude EPSCs, we also quantified changes in time
course by normalizing the charge transfer with the mean amplitude of EPSCs measured over a 10-ms window around the peak.
TBOA increased the normalized charge transfer of NMDARmediated EPSCs to 173 ± 18% of control (p < 0.002; n = 8),
whereas lowering the Ca 2+/Mg2+ ratio reversed the effect of
TBOA to 104 ± 7% (not significantly different from control,
p > 0.65; significantly different from TBOA in normal
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Fig. 1. Confluence of synaptically released glutamate
between neighboring synapses. Summary graphs of the
amplitude, charge transfer and charge-to-amplitude ratio
(time course) of NMDAR-mediated EPSCs evoked by
Schaffer collateral stimulation (0.2 Hz), recorded in CA1
pyramidal cells voltage clamped at +40 mV (n = 8). Changes
in holding current and series resistance are also shown.
CPP, applied in 6 of 8 experiments, abolished the response.
Current traces from a representative experiment (top) are
averages of 40–70 sweeps recorded for periods indicated
by the small letters. All traces are normalized to peak.
TBOA prolonged the decay of the NMDAR-mediated
EPSC (trace b); this effect was completely reversed by
decreasing the [Ca2+]/[Mg2+] ratio (trace c) or the stimulation intensity (trace e).

[Ca2+]/[Mg2+], p < 0.002; n = 8). Likewise, lowering the stimulation intensity reversed the effect of TBOA to 91 ± 5% (not significantly different from control, p > 0.28; significantly different
from TBOA at normal stimulation intensity, p < 0.001; n = 8).
Because of the relatively large outward current induced by
TBOA, its reduced effect on the time course of EPSCs evoked at
low density of active synapses could be due to better voltageclamp of smaller responses. Sub-saturating concentrations of the
NMDAR antagonist CPP (0.8–2 µM) adjusted to match the
decrease in amplitude observed with lower stimulation intensity
(average amplitude of EPSC was 24 ± 3% of control with low
stimulation and 30 ± 5% of control in CPP; p > 0.13; n = 4; Fig. 2)
did not significantly affect the time course (from 206 ± 25% of
control in the presence of TBOA before perfusion of CPP to
201 ± 31% of control in CPP; p > 0.35; n = 4; Fig. 2). However,
reducing stimulation intensity resulted again in a significant shortening of the EPSCs (from 160 ± 15% to 109 ± 17% of control;
p < 0.004; n = 4; Fig. 2). Therefore, neither voltage-clamp artifacts nor recruitment of polysynaptic pathways can explain the
prolongation of the responses. The result cannot be attributed to
a nonlinear interaction between increased ambient glutamate levels17 and synaptically released transmitter, either, because reducing the density of active synapses reverses the effect of TBOA on
the time course of EPSCs without affecting ambient levels of glutamate (see CPP-sensitive holding current, Fig. 1 and 2).
The prolongation of the NMDAR-mediated EPSC could also
be explained by TBOA reducing NMDA receptor desensitization.
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Rapid perfusion of glutamate (1 mM; 500 ms; in the
presence of NBQX (20 µM) and bicuculline (40 µM);
see Methods) on outside-out patches of CA1 pyramidal cell membranes induced an NMDAR-mediated outward current that decayed by 47 ± 3% within
480 ms in patches from acute slices and by 66 ± 9% in
patches from organotypic cultures. For acute slices,
peak amplitude was 14.1 ± 5.3 pA, and amplitude at
480 ms was 7.6 ± 3.0 pA (holding voltage, –60 mV;
n = 3); for organotypic cultures, peak amplitude was
10.2 ± 4.4 pA, and amplitude at 480 ms was
4.6 ± 2.7 pA (holding voltage, +60 mV; n = 5; Fig. 3).
TBOA did not affect the desensitization of glutamate-induced current. Acute slices showed
50 ± 6% desensitization (p > 0.6), a peak amplitude
of 22.8 ± 11.7 pA, and an amplitude at 480 ms of
10.1 ± 4.0 pA (n = 3). Organotypic cultures showed
61 ± 6% desensitization (p > 0.35), a peak amplitude
of 13.8 ± 4.4 pA, and an amplitude at 480 ms of
6.0 ± 5.9 pA (n = 4; Fig. 3). Thus, in the absence of
functional uptake, excitatory synapses in the hippocampal neuropil can cooperate in activating postsynaptic NMDARs.
Next, we tested whether NMDARs activated via the cooperation of neighboring synapses are the same as those activated when uptake is functional. In the absence of TBOA, we
applied the irreversible, use-dependent NMDAR blocker
MK801 (40 µM) to selectively block NMDAR-mediated EPSCs
(245 ± 24 pA; n = 6). During the first 10 minutes, the cell was
clamped at –60 mV without stimulation. The cell was then depolarized at +40 mV and Schaffer collaterals stimulated 200–
300 times to block NMDAR-mediated EPSCs (97 ± 0.5% reduction in charge transfer). Then the cell was clamped again at
–60 mV without stimulation while TBOA was applied and
MK801 was washed. After 10 minutes, the cell was clamped at
+40 mV. Now stimulation elicited an EPSC (30 ± 5 pA; charge
transfer 10 ± 3% of control; 420 ±104% of responses recorded
at the end of MK801 perfusion; p < 0.02; n = 6) that was
NMDAR-mediated, as it could be abolished by CPP (Fig. 4).
This EPSC had a prolonged 10–90% rise-time compared to
control EPSCs (11.5 ± 2.0 versus 4.5 ± 0.2 ms; p < 0.006; n = 6) or
EPSCs of similar amplitude evoked before complete MK801 block
(41 ± 4 pA; 4.3 ± 0.2 ms; p < 0.007; n = 6). This is consistent with
an increased distance between the site of release and the site of
action of glutamate in the absence of uptake. This response cannot be accounted for by the unblocking of a portion of the
NMDARs, by the insertion of new NMDARs, or by the diffusion
of ‘peripheral’ unblocked NMDARs to the blocked population,
because re-establishing Schaffer collateral stimulation without
nature neuroscience • volume 5 no 4 • april 2002
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Fig. 2. Changes in the duration of NMDAR-mediated EPSCs
depend on the density of active synapses and not on the size
of the EPSC. Summary graphs of the amplitude, charge transfer and time course of NMDAR-mediated EPSCs evoked by
Schaffer collateral stimulation (0.2 Hz) and recorded in CA1
pyramidal cells clamped at +40 mV (n = 4). The time course
returns to baseline upon reduction of stimulation intensity
(low stim.) but not during perfusion of sub-saturating concentrations of CPP (low CPP). Changes in holding current and
series resistance are also illustrated. Current traces from a
representative experiment (top) are averages of 40–70
sweeps recorded for periods indicated by the small letters.
Saturating concentrations of CPP, applied at the end of 3 out
of 4 experiments, abolished the response.

previous perfusion of TBOA triggered a charge transfer similar
to the one recorded 10 minutes earlier, at the end of MK801 perfusion (p > 0.08; n = 3). In previous experiments (Fig. 1 and 2),
perfusion of TBOA for 10 minutes led to a 70–90% increase in
charge transfer. Thus, at least 1/9–1/7 of this increase in charge
transfer (10 of 70–90%, or more if the MK801 wash was incomplete) reflected the confluence of glutamate on NMDARs that,
in control conditions, sit outside the postsynaptic domain of
action. These include extrasynaptic receptors and/or receptors
located at inactive synapses.

evoked an EPSC with a peak amplitude of 32 ± 8 pA
(n = 5; Fig. 5a). Though TBOA induced a slight
decrease in the peak amplitude of EPSCs (19 ± 13%
decrease; n = 5) in organotypic cultures, their duration
remained similar (113 ± 15% of control; p > 0.22;
n = 5; Fig. 5a), consistent with observations in acute
slices under low stimulation intensity. In contrast,
TBOA significantly prolonged the time course of postsynaptic responses to a series of 5–10 APs at 100 Hz
(233 ± 27% of control; p < 0.002; n = 6; different pairs
from previous experiment, Fig. 5a).
In acute slices, the time course of NMDAR-mediated EPSCs in response to a single low-intensity stimulus (average amplitude of 20 ± 14 pA; n = 3) was also
unaffected by the presence of TBOA (114 ± 14% of
control; p > 0.24; n = 3; Fig. 5b), but greatly prolonged
when five stimuli were applied at 100 Hz (206 ± 14%
of control; p < 0.014; n = 3; Fig. 5b). To exclude voltage-clamp artifacts, we compared the time course of
the responses to five stimuli in the presence of TBOA
alone, or with sub-saturating concentrations of CPP,
in two of the three experiments reported above. CPP
reduced the amplitude (by 58 ± 8%) but not the duration of the responses (93 ± 8% of the decay observed in TBOA
before application of CPP; n = 2; Fig. 4c). The differential action
of TBOA on EPSCs evoked with 100-Hz stimulation or single
stimuli is probably not due to an increase in the density of active
release sites through frequency facilitation, because the ratio of
the second to first AMPA receptor–mediated response recorded
at the same synapses before perfusion of NBQX at –60 mV was
only 1.26 ± 0.2 (n = 3).

Temporal interactions between glutamate transients
We used organotypic slice cultures to study the effect of TBOA
on the time course of NMDAR-mediated EPSCs between CA3
and CA1 pyramidal cell pairs. When the postsynaptic neuron
was clamped at +40 mV in the presence of NBQX (25 µM), bicuculline (50 µM) and picrotoxin (50 µM), an action potential
(AP) triggered by current injection in the presynaptic neuron
Fig. 3. Desensitization of NMDAR-mediated currents is not affected by
TBOA. NMDAR-mediated current evoked with a 500-ms pulse of glutamate (1 mM) on two different outside-out membrane patches from
organotypic cultures voltage clamped at +60 mV in the absence (control) or presence of TBOA. Average of 25–35 sweeps. Traces are superimposed and scaled at bottom. Note the similar time course of
desensitization. Bottom trace, open-tip current.
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Fig. 4. Confluence of glutamate on NMDARs located outside the postsynaptic domain of action of individual synapses. Summary graph (bottom) of the charge transfer of NMDAR-mediated EPSCs evoked by
Schaffer collateral stimulation (0.2 Hz and 0.5 Hz during MK801) and
recorded in CA1 pyramidal cells clamped at +40 mV (n = 6; bin, 5 stimuli). Interruptions on the abscissa indicate 10-min periods without stimulation during which the pyramidal cell was voltage clamped at –60 mV
and either MK801, TBOA or control saline was perfused. Open symbols, perfusion of control saline instead of TBOA in 3 of 6 experiments.
In these 3 experiments, TBOA was perfused afterwards. Current traces
from a representative experiment (top) are averages of 40–60 sweeps
recorded during the periods indicated by the small letters. Note the
slower rise-time (peak-scaled traces) of trace d (recorded during TBOA
perfusion) as compared to a (control) or b (MK801 perfusion).

To estimate the duration of the glutamate transient in the
absence of uptake, we measured the effect of TBOA on the time
course of NMDAR-mediated EPSCs evoked with low-intensity
stimuli at various frequencies. The action of TBOA on NMDARmediated EPSCs evoked with five stimuli rapidly decreased at
rates between 100 and 20 Hz (from 289 ± 34% to 176 ± 17% of
control; n = 4; Fig. 6) but remained detectable with 4-Hz stimuli (151 ± 17% of control; n = 4), indicating that in the absence
of functional uptake, glutamate transients can last several hundreds of milliseconds.
Cooperation in the absence of an uptake inhibitor
Hippocampal pyramidal cells recorded in vivo often fire brief
bursts of action potentials at high frequencies (above 100 Hz19,20),
which increases the reliability of synaptic transmission by raising the probability of glutamate release21. We examined whether
cooperation between independent synapses occurs during such
facilitatory bursts. Schaffer collaterals were stimulated every 6 s
with a 100-Hz burst of four stimuli, and the time course of the
resulting NMDAR-mediated response was compared at two different stimulation intensities.
To operate within a physiological range of afferent activity,
we first determined the stimulation intensity sufficient to trigger an AP in CA1 pyramidal cells recorded in the cell-attached
configuration (to preserve the intracellular ionic composition),
in the absence of GABAergic and glutamatergic antagonists.
This threshold intensity (55 ± 4% successful at firing an AP)
for a 100-Hz burst of four stimuli was 25 ± 2 µA (n = 12 pathways, 6 cells; probability of AP occurring at each of the four
stimuli was 0.5 ± 0.5%, 20 ± 6%, 17 ± 5% and 19 ± 5%; only
328
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Fig. 5. Temporal interactions between glutamate transients. (a) Paired
recordings between a CA3 and a CA1 pyramidal cell in organotypic culture.
Left, one action potential in the CA3 pyramidal cell (upper trace) evokes an
NMDAR-mediated EPSC in the CA1 pyramidal cell clamped at +40 mV (second trace) whose time course remains unaffected by the presence of TBOA
(third and scaled traces). Right (different pair of cells), five action potentials
(100 Hz) in the CA3 pyramidal cell (upper trace) evoke an NMDAR-mediated
EPSC in the CA1 pyramidal cell (second trace) whose time course is prolonged by the presence of TBOA (third and scaled traces). (b) Current traces,
NMDAR-mediated EPSCs recorded from a CA1 pyramidal cell clamped at
+40 mV evoked by low-intensity stimulation of the Schaffer collaterals, alternating between 1 (left) and 5 stimuli (100 Hz, right), in an acute slice. The time
course of the NMDAR-mediated EPSC changes upon application of TBOA
only for the response evoked by 5 stimuli. Bottom, summary graph of the time
course for 3 similar experiments (closed symbols, 1 stimulus; open symbols, 5
stimuli). (c) Same cell as in (b). A sub-saturating concentration of CPP reduces
the amplitude of the response evoked by 5 stimuli in the presence of TBOA
(left traces) without affecting its time course (right traces).

1.0 ± 0.7% of bursts triggered two or more APs). In the experiments described below, the stimulation intensity was always
significantly lower than this threshold (13 ± 2 µA; p < 0.004) so
that the number of stimulated fibers would not exceed the
nature neuroscience • volume 5 no 4 • april 2002
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Fig. 6. Time course of synaptically released glutamate in the absence of functional uptake. (a)
Top, NMDAR-mediated EPSCs recorded from a
CA1 pyramidal cell clamped at +40 mV evoked
by low-intensity stimulation of the Schaffer collaterals, with trains of 5 stimuli alternating
between 100 (left), 20 (middle) and 4 Hz (right),
once every 3 s in the absence or presence of
TBOA. Insets, charge transfer of the illustrated
traces. The effect of TBOA is larger at higher
stimulation frequencies. Bottom, summary
graphs of the charge transfer for 5 similar experiments. Open symbols (right), charge transfer of
the first EPSCs (initial 250 ms) in the 4-Hz train.
(b) Summary of the ratio of charge transfer
when TBOA is present to charge transfer when
TBOA is absent, plotted against the interstimulus interval (ISI). The data-point at an ISI of 3 s
was calculated using the charge transfer of the
first EPSC (initial 250 ms) in the 4-Hz train.

© 2002 Nature Publishing Group http://neurosci.nature.com

a

b
DISCUSSION

number of axons that would be active to fire a hippocampal
pyramidal cell.
Increasing stimulation intensity (from 7 ± 6 µA to
13 ± 2 µA; n = 8 pathways, 4 cells; Fig. 7a) resulted in a significant prolongation of the time course of the NMDAR-mediated EPSC (32 ± 7%; p < 0.004). This effect was not due to
voltage-clamp errors, as application of low concentrations of
CPP to match the amplitude of the NMDAR-mediated
response evoked with low stimulation intensity (103 ± 20%;
p > 0.6) did not significantly decrease the time course of the
EPSC (p > 0.8; significantly larger than with low stimulation
intensity, 33 ± 10%; p < 0.007). The increase in time course of
the NMDAR-mediated EPSC at higher stimulation intensity
could be due to a filtering artifact if increasing stimulation
intensity systematically recruited synapses on more distal dendrites. We therefore designed an additional experiment assessing cooperation between two Schaffer collateral pathways. Two
stimulation electrodes were placed in the stratum radiatum,
200–300 µm either side of the recorded neuron. NMDARmediated EPSCs evoked when the two pathways were simultaneously stimulated with four 100-Hz stimuli every 6 s were
slower than the amplitude-weighted average time course of
EPSCs evoked by independent stimulation of the two pathways
(8 ± 1%; p < 0.0005; n = 6). The time course of the response
to simultaneous stimulation A + B was also significantly different from that of the response to stimulation A (p < 0.02) or
B (p < 0.004), though the time course of the response to A was
not significantly different from the time course of the response
to B (p > 0.4; Fig. 7b). Applying low concentrations of CPP
reduced the amplitude of NMDAR-mediated EPSCs evoked by
simultaneous activation of the two pathways by 62 ± 5% without significantly changing the time course (p > 0.08; significantly larger than the amplitude-weighted average time course
of NMDAR-mediated EPSCs evoked by independent stimulation, 14 ± 2%; p < 0.002), indicating that the prolongation in
time course was not due to voltage-clamp errors. Taken together, these results show that Schaffer collateral synapses can
indeed cooperate in the absence of an uptake inhibitor.
nature neuroscience • volume 5 no 4 • april 2002

Our experiments show that in the hippocampal neuropil, independent excitatory synapses are close enough to cooperatively
activate postsynaptic NMDARs. This is similar to what is
observed between multiple release sites within the same terminal22–25 in other regions of the nervous system. Cooperation was
promoted by inhibiting glutamate uptake, and detected as a prolongation of NMDAR-mediated EPSCs. Additionally, with brief
stimulation bursts, cooperation was clearly observed in the
absence of uptake inhibitors, in near-physiological conditions.
In fact, NMDAR-mediated EPSCs were recorded at positive holding potentials, thus inhibiting glutamate transport on the recorded neuron26. Our experiments also relied on field stimulation,
which forces coincident activity, and the temperature was slightly below body temperature (37°C).
Cooperation was a function of activated synapse density (proportional to the number of stimulated axons and release probability) and of glutamate uptake. This is consistent with
cooperation between independent synapses occurring at ‘confluence sites’ where the diffusion domains of released transmitter
overlap to reach a sufficiently high concentration of glutamate
to activate NMDARs. Cooperation may occur at NMDARs
belonging to activated synapses, but also at NMDARs located
extrasynaptically or at non-activated synapses.
The possibility remains that NMDARs at neighboring synapses or at extrasynaptic sites may also be activated by simple
spillover, without confluence, and independently of the density of active synapses. If occurring very locally, such spillover
would be too fast to be detected as a change in the decay kinetics of the EPSC. As no effect of TBOA was observed on the decay
of NMDAR-mediated EPSCs evoked between pairs of pyramidal cells, or triggered by low-intensity stimulation, most active
release sites on the same axon must be too far apart for cooperation. This suggests the involvement of release sites originating
from different axons. Indeed, although the minimal distance
between active release sites on the same axon is given by the
interbouton distance (∼4–5 µm27 with the exception of boutons
with multiple release sites 2), the shortest distance between
synapses is <1 µm, independent of their origin2. The prolonged
presence of glutamate may suggest its diffusion beyond immediately neighboring synapses. Future experiments will address
how many synapses are needed and how close they need to be
in order to interact cooperatively9.
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Fig. 7. Cooperation between independent synapses in the
absence of an uptake inhibitor. (a) Summary of the amplitude,
charge transfer and time course of NMDAR-mediated EPSCs
evoked by stimulation of Schaffer collaterals with brief bursts
(4 stimuli at 100 Hz) delivered every 6 s and recorded in CA1
pyramidal cells clamped at +40 mV (n = 8 pathways, 4 cells).
The time course increases with stimulation intensity (high
stim.) but remains unchanged during perfusion of sub-saturating concentrations of CPP (low CPP). Current traces from a
representative experiment (top) are averages of 40–80
sweeps. Saturating concentrations of CPP, applied in 3 of the 4
experiments, abolished the response. (b) Two stimulation
electrodes delivered brief bursts (4 × 100 Hz) every 6 s to
stimulate two Schaffer collateral pathways (stim. A and stim.
B) alternating between independent and simultaneous stimulation, and the response was recorded in CA1 pyramidal cells
clamped at +40 mV. Current traces from a representative
experiment (top) are averages of 20–45 sweeps and are scaled
to the peak. The response evoked by simultaneous stimulation
of both pathways is more prolonged than that from independent stimulation of either pathway A or B, but does not
change during perfusion of sub-saturating concentrations of
CPP (simultaneous + low CPP). Bottom, summary of 6 similar
experiments. In both (a) and (b) the charge transfer was measured starting from the peak of the response over 750 ms.

a

NMDAR-mediated EPSCs evoked by a train of APs
in a single CA3 pyramidal cell were prolonged by
TBOA. Sequentially released neurotransmitter can thus
accumulate when glutamate uptake is inhibited. Therefore, hippocampal glutamate transporters also play a
fundamental role in controlling temporal interactions
between glutamate transients triggered by the activity
of a single neuron. It remains to be determined whether
this temporal accumulation occurs only between glutamate transients originating from the same bouton or b
also between transients originating from different boutons on the same axon.
Inhibition of glutamate uptake prolongs glutamatemediated synaptic currents in several preparations23,25,
28–31, an effect that could not be detected in the hippocampus13–15. Compounds used in earlier studies were
probably less effective than TBOA. The glutamate transporter blocker L-tPDC, for example, acts as a substrate
for the transporters, so that its final concentration in the
tissue is unreliable. Dihydrokainate (DHK) specifically
affects the transporter EAAT2, but not other subtypes
expressed in the hippocampus. DHK was, however,
reported to prolong EPSCs evoked in the presence of 4aminopyridine to enhance synaptic transmission 8.
TBOA, in contrast to tPDC and DHK, is not transportable and
is known to affect the primary hippocampal transporters16,17.
The function and expression of glutamate transporters can
be modulated by a number of physiological processes, including
phosphorylation, redox reactions and neuronal activity32. In addition, glial processes, which express substantial numbers of glutamate transporters 3, surround hippocampal synapses to a
variable extent 2. Thus, it is likely that cooperation between
synapses can be dynamically controlled by changes in uptake
activity or glio-synaptic interactions.

METHODS

Hippocampal slices (400 µm) were prepared from 30-day Wistar rats
(protocol approved by Veterinary Department of the Canton of Zurich),
incubated for 1 h in an interface chamber at 35°C in artificial cerebrospinal fluid (ACSF) equilibrated with 95% O 2 and 5% CO 2
330

(119 mM NaCl, 2.5 mM KCl, 1.3 mM NaHPO4, 1.3 mM MgCl2, 2.5
mM CaCl2, 26 mM NaHCO3, 11 mM glucose) and kept at room temperature for 0–5 h before being placed in a submerged recording chamber at 33°C and cut between CA3 and CA1. Hippocampal slice cultures
were prepared from 5–6-day rats as described previously33.
Whole-cell recordings of CA1 pyramidal cells identified with nearinfrared video microscopy were obtained with patch pipettes (3–5 MΩ)
containing 122.5 mM cesium gluconate, 5 mM HEPES, 10 mM cesium
BAPTA, 6 mM MgCl2, 10 mM phosphocreatine and gluconic acid to
adjust pH to 7.2. Outside-out patches were obtained from CA1 pyramidal cell soma with 7–12-MΩ patch electrodes. CA3 pyramidal cells
were recorded in the current-clamp configuration with patch pipettes
containing 140 mM K gluconate, 10 mM KCl, 5 mM HEPES, 1.1 mM
EGTA, 4 mM MgCl2, 10 mM phosphocreatine and KOH to adjust pH
to 7.2. Patch pipettes filled with ACSF or monopolar steel microelectrodes (4 MΩ; FHC, Bowdoinham, Maine) were used for electrical field
stimulation (100 µs). Perfusion of TBOA onto organotypic cultures provoked epileptiform discharges followed by periods of transient depresnature neuroscience • volume 5 no 4 • april 2002
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sion of unitary EPSCs (3–5 min). These were discarded from analysis.
For fast perfusion experiments34, theta tubes (2 mm in diameter) were
pulled to a 150–200-µm tip diameter and mounted on a piezoelectric
element. Both barrels contained 150 mM NaCl, 5 mM KCl, 4 mM CaCl2,
10 mM HEPES, 0.02 mM Glycine, 0.02 mM NBQX, 0.04 mM bicuculline
and 0.0005 mM TTX (pH 7.2 and osmolarity 312 mOsm were adjusted
with NaOH and sucrose, respectively). One barrel contained sodium glutamate (1 mM). When present, TBOA (50–100 µM) was perfused from
both barrels. Solutions were perfused at approximately 200 µl min–1 (corresponding to 100 µm ms–1 at the tip of the barrel) with a peristaltic
pump and the membrane patch was placed 100–150 µm from the tip of
the theta tube, all at room temperature.
Average values are expressed as mean ± s.e.m. Student’s t-tests were
used for statistical comparisons. Data were recorded with Axopatch 200A
amplifiers, digitized at 5–10 kHz and analyzed off-line. NBQX, bicuculline and picrotoxin came from Tocris Cookson (Bristol, UK), TBOA
from K. Shimamoto (Suntory Institute for Bio-organic Research, Osaka,
Japan) and D-CPP from Novartis (Basel, Switzerland).
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