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Activity-Dependent Recruitment of Extrasynaptic NMDA Receptor
Activation at an AMPA Receptor-Only Synapse
Beverley A. Clark and Stuart G. Cull-Candy
Department of Pharmacology, University College London, London WC1E 6BT, United Kingdom

We have identified an excitatory synapse in cerebellar molecular layer interneurons at which the level of presynaptic activity
determines the receptor type involved in the postsynaptic response. When small numbers of parallel fibers are activated,
EPSCs are mediated solely by AMPA receptors (AMPARs),
despite our finding that NMDA receptors (NMDARs) are present
in the dendrites of these cells. The EPSC kinetics are fast (
decay ⫽ 0.82 ⫾ 0.05 msec at room temperature), consistent
with the role these interneurons are thought to play in precisely
timed inhibitory control of Purkinje cells. NMDARs are activated
only when glutamate release is increased either by facilitation
with brief high-frequency trains or by recruiting more presynaptic fibers with higher stimulus intensities. Under these conditions, EPSCs consist of a fast-rising AMPAR-mediated current followed by a slow component mediated by both NMDARs
and AMPARs. Inhibitors of glutamate transport increase the

amplitude and prolong the time course of the compound EPSCs. In contrast, the properties of fast AMPAR EPSCs resulting
from the activation of few inputs remain unchanged when
glutamate uptake is blocked. Our results suggest that, at these
synapses, the postsynaptic density contains AMPARs alone. It
is only when transmitter release is high enough for glutamate to
diffuse to the extrasynaptic space and to reach concentrations
sufficient to activate extrasynaptic receptors that NMDARs are
involved in the postsynaptic response. We suggest that such a
spatial separation of receptor types may provide a mechanism
for rapid changes in EPSC properties, depending on the
amount of synaptic activity.

At central glutamatergic synapses, basic properties of EPSCs are
determined by the receptor subtypes present and by the amplitude and spatiotemporal profile of the transmitter concentration
transient within the synaptic cleft. Functional and immunocytochemical studies have shown that many central excitatory synapses possess both AMPA receptors (AMPARs) and NMDA
receptors (NMDARs) in their postsynaptic density (PSD) (Jones
and Baughman, 1991; Kharazia et al., 1996; Takumi et al., 1999)
and that these are coactivated by the release of a quantum of
neurotransmitter (Bekkers and Stevens, 1989; Silver et al., 1992;
Umemiya et al., 1999). The relative contribution of AMPARs
and NMDARs to the EPSC reflects not only their different
biophysical properties (including the voltage-dependent block of
NMDARs by Mg 2⫹) but also differences in receptor density and
affinity.
It is well established that EPSCs are mediated by NMDARs
alone at several types of central synapses (“silent synapses”;
Malinow et al., 2000). In contrast, there are very few examples of
synapses in which EPSCs are mediated solely by AMPARs.
“AMPAR-only” EPSCs have been described so far in cultured
retinal ganglion cells (Taschenberger et al., 1995) and at excitatory synaptic inputs to Purkinje cells in cerebellar slices (Perkel et
al., 1990; Llano et al., 1991). The observation that Purkinje cells

from rats older than ⬃P14 lack functional NMDARs supports
this finding (Farrant and Cull-Candy, 1991; Momiyama et al.,
1996). We were interested to determine whether AMPAR-only
synapses occur in neurons that do express functional NMDARs.
The properties of NMDARs make it likely that, even at low
density, extrasynaptic NMDARs will produce a detectable current if conditions arise whereby glutamate escapes the synaptic
cleft.
Isolated somatic patches from molecular layer interneurons of
the cerebellum contain both NMDAR and AMPARs (CullCandy et al., 1998; Clark and Cull-Candy, 1999; Liu and CullCandy, 2000). However, it has been reported that the NMDARmediated component of evoked EPSCs is small at parallel fiber
(PF)-to-interneuron synapses (Glitsch and Marty, 1999). Whether
this weak NMDAR-component arose from direct activation of
synaptic receptors or from diffusion of glutamate to extrasynaptic
sites is not known. However, it is clear that high-frequency,
high-intensity trains of PF stimulation can activate EPSCs with
large AMPAR and NMDAR components (Carter and Regehr,
2000). We have investigated whether this NMDAR component
arises from synaptic or extrasynaptic receptors and how it is
influenced by synaptic activity. We find that low-frequency activation of small numbers of PFs generates EPSCs mediated solely
by AMPARs. Synchronous activation of larger numbers of synapses, or facilitation of glutamate release by stimulus trains,
results in NMDAR activation that is enhanced by glutamate
transporter blockers. We suggest that transmitter released from
one or a few PF terminals fails to activate NMDARs because they
are not colocalized with AMPARs in the PSD in these cells.
Facilitation or overlap of glutamate released from multiple adjacent synapses activates extrasynaptic AMPARs and NMDARs.
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This results in a switch in the EPSC from AMPAR-only, to one
containing both AMPAR- and NMDAR-mediated components,
providing a mechanism for rapid changes in EPSC properties,
depending on the intensity of synaptic activity.

MATERIALS AND METHODS
Coronal or transverse cerebellar slices (200 m) were cut from 18-d-old
Sprague Dawley rats, as described previously (Barbour et al., 1994).
Slicing and incubation solutions were adapted from Mann-Metzer and
Yarom (1999) and consisted of (in mM): 85 NaC l, 2.5 KC l, 0.5 C aC l2, 4
MgC l2, 25 NaHC O3, 1.25 NaH2PO4, 75 sucrose, and 25 glucose, bubbled
with 95% O2 and 5%C O2. Slices were maintained at 32°C for 1 hr, and
the slicing solution was gradually replaced (1.3 ml /min) with extracellular solution containing (in mM): 125 NaC l, 2.5 KC l, 2 C aC l2, 1 MgC l2, 25
NaHC O3, 1.25 NaH2PO4, and 25 glucose. Slices were transferred to the
recording chamber and, unless stated otherwise, perf used for 30 min (1.5
ml /min) with a nominally Mg 2⫹-free extracellular solution before making recordings. All experiments were performed at 24 ⫾ 0.5°C in the
presence of 100 M picrotoxin and 10 M glycine, unless stated otherwise. In experiments in which 6-cyano-7-nitroquinoxaline-2,3-dione
(C NQX; Tocris Cookson, Bristol, UK) was used to block non-NMDA
receptors, the glycine concentration was increased to 50 M to minimize
the effect on the glycine site of the NMDA receptor (Lester et al., 1989).
All chemicals were obtained from Sigma-Aldrich (Dorset, UK) unless
otherwise stated.
Recording synaptic currents. Whole-cell recordings were made from
visually identified stellate cells (Häusser and C lark, 1997) using an
Axopatch200B amplifier (Axon Instruments, Union C ity, CA). Slices
were viewed with an upright microscope (Axioskop FS1; Z eiss, Welw yn
Garden C ity, UK) using infrared-differential interference contrast optics
(Stuart et al., 1993). Electrodes of 3–5 M⍀ were pulled from thick-walled
borosilicate glass (GC -150F; Harvard Apparatus L td, Edenbridge, UK),
coated with Sylgard resin (Dow Corning 184) and fire polished. These
were filled with an intracellular solution of (in mM): 125 C sC l, 10
H EPES, 10 BAP TA, 10 TEAC l, 1 QX314, 2 Na2ATP, 2 MgATP, 0.3
Na3GTP, and 0.5 C aC l2, adjusted to pH 7.25 with C sOH, giving a final
osmolarity of 285 ⫾ 5 mOsmol / l. A 10 mM concentration of BAP TA was
included to minimize the calcium-dependent inactivation of NMDA
receptors (Rosenmund et al., 1995). Series resistance was monitored
continuously throughout experiments and ranged from 6 to 15 M⍀. For
series resistances ⬎10 M⍀, partial compensation (60 –75%) was used by
means of the amplifier compensation circuit. Data were filtered at 5 kHz
and digitized at 33 kHz. PF inputs to stellate cells were stimulated (⬍200
sec, ⫾ biphasic pulses) using a patch electrode (3–5 M⍀) placed in the
molecular layer at least 100 m away from the recording electrode.
Interstimulus intervals were 5–10 sec. “L ow-intensity stimulation” (8 –15
V) was used in some experiments. This was the threshold voltage required to activate the smallest possible number of PFs, with a failure rate
of ⬎30%. Even at this intensity, there was a significant amount of release
asynchrony. To evaluate the involvement of NMDA receptors in EPSC s
evoked by low-intensity stimulation, average EPSC s were constructed
from events selected to avoid a contribution of release asynchrony to the
EPSC time course. EPSC decays were fitted (t ⫽ 0 at the peak) with one
or two exponentials, and the weighted tau (w) was calculated according
to: w ⫽ (1 * a1) ⫹ (2 * a2), where a1 and a2 are the relative amplitudes
of the two exponential components.
Ionophoresis of glutamate. Pipettes for ionophoresis were pulled from
thin-walled borosilicate filamented glass using a Livingstone-type puller
(Narishige, Tokyo, Japan). Electrodes had resistances of 30 –50 M⍀
when filled with 100 mM sodium glutamate. Current pulses of between
⫺30 and ⫺90 nA and of 5–25 msec duration were required to eject
glutamate. No retaining current was needed. To identif y the dendrites
and axons of interneurons and to map responses to glutamate, cells were
filled via the patch electrode with the fluorescent dye Alexa Fluor 594
hydrazide (25 M; Molecular Probes, Eugene, OR). The Alexa dye was
also included in the ionophoresis electrode, which by virtue of its negative charge, was ejected with the glutamate, allowing visualization of the
ionophoresis electrode and the area of glutamate ejection. To quantif y
responses from different zones of glutamate ionophoresis, averages of at
least 30 sweeps were made, aligning on the first rising point of the
ionophoretic pulse.
Local perf usion of glutamate transporter block ers. Extracellular solution
containing the glutamate transporter blockers DL-threo-␤-benzyloxyaspartate
(DL-TBOA, a generous gift from Keiko Shimamoto; Shimamoto et al., 1998)
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or L-trans-pyrrolidine-2,4-dicarboxylic acid (L-trans-PDC, Tocris Cookson)
were applied locally using a pressure application system. Pipettes (2–3 M⍀)
pulled from thin-walled borosilicate filamented glass were used, and the
pressure was adjusted to avoid movement artifacts. Using this technique, it
was possible to interleave groups of sweeps of evoked EPSCs with those
evoked in the presence of blockers, controlling for instability of EPSC
amplitude and avoiding the effects of prolonged application of transporter
blockers.

RESULTS
Unitary EPSCs in molecular layer interneurons arise
solely from AMPAR activation
To investigate the relative contribution of both AMPA and
NMDARs to synaptic transmission in molecular layer interneurons (stellate cells), we have examined spontaneous and evoked
EPSCs in nominally Mg 2⫹-free external solution. EPSCs were
evoked by low-intensity stimulation (see Materials and Methods)
of PFs. To be certain that any NMDAR-mediated component
would be detected, EPSCs were recorded at both positive and
negative holding potentials. Figure 1 A shows single sweeps in
which EPSCs were evoked at ⫺60 and ⫹50 mV with low-intensity
stimulation. No detectable NMDAR-mediated component was
apparent under control conditions at either holding potential.
To minimize the contribution of asynchronous release to the
mean EPSC time course, events with notched rises or multiple
peaks were discarded. The averaged currents shown in Figure 1 B
were generated by aligning EPSCs on their initial rise (10% of
full amplitude; mean 10 –90% rise time ⫽ 0.19 ⫾ 0.01 msec; n ⫽
9). The decay of the averaged EPSCs was rapid and could be
fitted with two exponential components, giving a weighted mean
time constant (w) of 0.82 ⫾ 0.05 msec (n ⫽ 9) at ⫺60 mV and
1.24 ⫾ 0.2 msec (n ⫽ 4; p ⫽ 0.08 paired t test) at ⫹50mV. As is
apparent from Figure 1 B, the addition of D-AP-5 did not significantly alter the average EPSC decay at either positive or negative
potentials (0.83 ⫾ 0.05 msec at ⫺60 mV; 1.27 ⫾ 0.04 msec at ⫹50
mV; p ⫽ 0.9). Furthermore, the decay time course of spontaneous
EPSCs (w ⫽ 1.16 ⫾ 0.12 msec at ⫺60 mV, 1.4 ⫾ 0.12 msec at
⫹50mV; n ⫽ 5) was not significantly different from EPSCs
evoked by low-intensity stimulation. These were also unaffected
by D-AP-5, yielding mean weighted decay time constants of
1.16 ⫾ 0.13 msec at ⫺60 mV, and 1.48 ⫾ 0.16 msec at ⫹50 mV
(n ⫽ 6 cells) (Fig. 1C). Because we found that the EPSCs were
abolished by the non-NMDAR antagonist CNQX (10 M) and by
the selective AMPAR antagonist GYKI 53655 (10 –25 M) (Liu
and Cull-Candy, 2000), our data indicate that at these synapses
the unitary EPSCs were mediated purely by AMPAR activation.
The extrasynaptic spread of glutamate depends critically on
temperature (Asztely et al., 1997). Along with a likely increased
release probability (Van der Kloot and Molgo, 1994; Hardingham
and Larkman 1998), the diffusion coefficient increases slightly
with temperature (Hille, 1992). Counterbalancing this, uptake of
glutamate by transporters increases strongly with temperature
(Wadiche and Kavanaugh, 1998). We examined EPSCs at more
physiological temperatures to see if any of these factors could
change the contribution of NMDARs. When EPSCs were evoked
by low-intensity stimulation at 35°C, the decay times were faster
than at room temperature, giving mean weighted decay time
constants of 0.61 ⫾ 0.05 msec (n ⫽ 5 cells) at ⫺70 mV and 0.86 ⫾
0.15 msec (n ⫽ 3 cells) at ⫹50 mV. Furthermore, the EPSCs
remained insensitive to D-AP-5 at positive and negative potentials, confirming the absence of an NMDAR-mediated component to the EPSCs under these conditions.
Recent work has indicated that differences may occur in the
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Figure 1. Spontaneous EPSCs and those evoked in interneurons by low-intensity stimulation are mediated by AMPA receptors alone. A, Individual
sweeps in which EPSCS were successfully evoked by threshold stimulation of the parallel fibers. EPSCs under control conditions (left) and in the
presence of 50 M D-AP-5 (right) are shown at holding potentials of ⫺60 and ⫹50 mV. The stimulus artifact is lost because of the restricted time window
shown. B, Overlay of averages of ⬎30 sweeps in both conditions shows that NMDA receptor antagonists have no effect on the EPSC time course.
C, Examples of consecutive single spontaneous EPSCs (sEPSCs) occurring in an interneuron recorded at ⫺60 mV in nominally Mg 2⫹-free conditions.
The normalized average EPSCs are shown on the far right with the fitted biexponential function indicated by the dotted line. Addition of 50 M D-AP-5
(bottom row) had no effect on the sEPSC, and there was no significant difference in the fitted average.

synaptic and extrasynaptic distribution of receptors containing
the NR2A subunit (Rumbaugh and Vicini, 1999; Tovar and
Westbrook, 1999). NR2A-containing receptors can be observed
exclusively at synaptic locations during synaptic maturation,
whereas extrasynaptic receptors do not contain this subunit. The
glycine sensitivity of NMDARs is dependent on receptor subunit
composition, with NR1/NR2A receptors requiring a high concentration of glycine to be fully activated (Kutsuwada et al.,
1992). One possible explanation for the lack of an NMDARmediated component in unitary EPSCs in interneurons might be
that the glycine concentration used (10 M) was insufficient for
activation of any NR2A-containing receptors that might be
present at PF–interneuron synapses. We compared thresholdevoked EPSCs in the presence of 10 and 50 M glycine in
nominally Mg 2⫹free solution. In five cells tested, no difference
was found between EPSCs evoked under the two conditions. An
example of this is illustrated in Figure 2.

NMDARs are present on the dendrites of molecular
layer interneurons
There is evidence that spillover of glutamate following bulk
activation of PFs can activate NMDARs in molecular layer interneurons (Carter and Regehr, 2000). However, it is not known

whether these receptors are located on the dendrites or mainly on
the soma and axon. The possibility that at least some NMDARs
are present in the axon is supported by the demonstration that
direct application of NMDA onto these neurons modulates the
release of GABA from their axon terminals (Glitsch and Marty,
1999). To assess whether NMDARs are present on the dendrites
of molecular layer interneurons and hence near to synaptic inputs
or whether the lack of involvement of NMDARs in the generation of unitary EPSCs reflected their absence from the dendrites,
we tested the response of these cells to glutamate applied selectively to different segments of the same neuron (in the presence
of 10 M CNQX). While recording from the soma of interneurons
filled with the fluorescent dye Alexa Fluor 594, we mapped
NMDAR responses by applying 25 msec ionophoretic pulses of
glutamate onto the dendrites, soma, and axon.
The results of such an experiment are depicted in Figure 3. The
top panel (Fig. 3A) shows the soma and dendrites of a filled
interneuron; the lower panel shows part of the axon at higher
magnification. Figure 3B shows the responses obtained when
glutamate was applied at the dendritic, somatic, and axonal locations indicated by the arrows in Figure 3A. The largest responses
were invariably obtained from the soma, but responses were also
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Figure 2. An NMDAR-mediated component is not revealed by increased glycine concentration A, Average responses in an interneuron to
low-intensity parallel fiber stimulation at 0.5 Hz in the presence of 10 M
(top panel ) and 50 M (bottom panel ) glycine at a holding potential of ⫺60
mV. B, Overlay of normalized average EPSCs under the two different
glycine concentrations and after addition of D-AP-5 shows that no
NMDAR current was revealed when glycine concentration was increased.

readily obtained from the dendrites. No current was recorded
when glutamate was ejected onto the axon (n ⫽ 4 cells, each axon
was tested at multiple locations) or when the ionophoretic pipette
was moved ⬃20 m above the focal plane of the cell. These
experiments indicate that, although not involved in generation of
unitary EPSCs, NMDARs are present on the soma and dendrites
of molecular layer interneurons. This suggests that they are distant from the sites of glutamate release and therefore are not
colocalized with the AMPARs that mediate the unitary EPSC.
The lack of response from the axon suggests that any NMDARs
present on the axon terminals occur at low density and that the
current evoked is too small to be resolved during somatic
recording.

The contribution of NMDARs to EPSCs depends on
the number of parallel fibers activated
The AMPAR-mediated EPSCs described above were evoked
after the activation of a small number of PFs. Although the
duration of the synaptic glutamate transient and the distance over
which glutamate travels from its release site are not known, both
of these parameters are likely to be increased if release occurs
simultaneously at several closely spaced synapses (Otis et al.,
1996; Barbour and Häusser, 1997; Rusakov et al., 1999). We
therefore next investigated whether activating a greater number
of PF axons could influence the type of receptors that contribute
to the EPSC.
Figure 4 A shows EPSCs produced by activating a progressively
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Figure 3. Ionophoretic mapping of NMDAR-mediated responses in a
molecular layer interneuron. A, Sagittal view of an interneuron filled with
Alexa Fluor 594 during whole-cell patch recording. The dendrites and
soma are shown in the top panel, and a section of the axonal arbor is
shown in the bottom panel. The locations of glutamate application by
ionophoresis are indicated by the arrows. B, Averages of 25 currents
recorded in response to 25 msec pulses of glutamate (100 mM in electrode) ejected onto the dendrites, soma, and axon of the illustrated cell.
Holding potential was ⫺60 mV, and the antagonists TTX (0.5 M),
picrotoxin (100 M), and CNQX (10 M) were present in nominally
Mg 2⫹-free solution.

larger number of PFs. This was achieved by increasing the stimulus strength from its initial “low intensity” value by 10 V increments. In Figure 4 A, the initial low-intensity stimulus (10 V) and
the first incremental increase (20 V), evoked an EPSC that was
abolished by CNQX. However, it is apparent that at higher
stimulus intensities a small, slowly decaying component remained. This residual current was blocked by D-AP-5 (50 M;
data not shown) indicating that it was mediated by NMDARs.
Figure 4 B shows the relationship between stimulus intensity and
the total charge carried by AMPAR and NMDAR channels (five
cells). The NMDAR-mediated component was apparent only at
stimulus strengths greater than approximately twice the threshold
intensity. There was no significant NMDAR-mediated response
at the first incremental increase in stimulus strength (charge not
significantly different from zero; p ⫽ 0.4), showing that synchronous release of glutamate from a larger number of PFs, than was
activated using threshold stimulation, was required to activate
NMDARs in these cells. Given that NMDARs exhibit a higher
apparent affinity for glutamate than do AMPARs, this observation suggests that the NMDARs are distant from release sites and
are activated only by pooling of transmitter from multiple active
synapses. This idea is supported by the fact that the rise time for
the NMDA component was relatively slow (time-to-peak, 40 ⫾
4.9 msec; n ⫽ 9 cells), which may also reflect the lower concentration of glutamate present at the extrasynaptic receptors (Clements and Westbrook, 1991; Haas et al., 1998).

Facilitation of glutamate release from a small number
of parallel fibers can activate NMDARs
Although dendritic NMDARs in these interneurons can be activated by glutamate released by large numbers of PFs, in principle,
if release was facilitated, these receptors should also be activated
during stimulation of a small number of fibers. To address this
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Figure 4. Increased synaptic activity results in a compound EPSC
mediated by both AMPA and NMDA receptors. A, Mean EPSCs (averages of 25–50 sweeps) resulting from parallel fiber stimulation using the
different stimulus intensities shown (Vhold ⫽ ⫹50 mV). Top traces are
controls, and bottom traces are in the presence of 10 M CNQX (note
different calibration), showing the appearance of an NMDA component
at 30 V stimulus intensity. B, Summary of charge carried by AMPAR and
NMDAR channels with respect to stimulus intensity (n ⫽ 4). Values for
AMPAR-mediated charge transfer were obtained by subtracting values in
CNQX from those in control conditions. T, Threshold low-intensity
stimulation.

issue we examined the effect of trains of stimuli, which have been
shown to enhance glutamate release without recruiting additional
PFs (Kreitzer and Regehr, 2000). Specifically, we investigated the
frequency dependence of NMDAR activation by using suprathreshold stimulation intensities, which were just sufficient to avoid
failures of the fast AMPAR-mediated EPSCs.
After the addition of 10 M CNQX, we applied bursts of four
stimuli (0.5–100 Hz) to PFs. As shown in Figure 5A, an
NMDAR-mediated component was activated at stimulus frequencies of ⱖ6.25 Hz. The size of this current varied considerably
from cell to cell, particularly at longer interstimulus intervals
when its amplitude was difficult to quantify. We therefore integrated the average current to obtain the charge transfer. Figure
5A shows typical examples of these current integrals (smooth
line) at the frequencies tested, overlaid with the averaged currents
in which four stimulus artifacts indicate the timing of the stimuli.
The mean charge transfer from seven cells is summarized in
Figure 5B. Values have been normalized to those obtained at 100
Hz. The NMDAR charge transfer increased steeply in the lower
frequency range and had still not reached a plateau at 100 Hz
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Figure 5. Frequency dependence of NMDA receptor-mediated EPSCs.
A, Trains of four parallel fiber stimuli evoked CNQX-insensitive currents
in interneurons voltage clamped at ⫹50 mV, which increased in amplitude
with increasing frequency of stimulation. The current integral (smooth
line) is superimposed on the mean synaptic currents (averages of 25–30
sweeps). B, Charge transfer normalized to that obtained at 100 Hz is
represented with respect to stimulation frequency for seven cells. Error
bars indicate SEM.

stimulation. These experiments indicate that a modest increase in
action potential firing frequency, arising within a small number of
fibers, is sufficient to change the synaptic response from AMPARonly to one mediated both by AMPARs and NMDARs at these
synapses.

The influence of glutamate transporters on NMDAR
contribution to EPSCs
Inhibitors of glutamate transporters have been shown previously
to have little effect on the time course of the non-NMDARmediated EPSC in molecular layer interneurons (Barbour et al.,
1994). However, if the NMDAR-mediated EPSC that we observed was generated by receptors located distant from release
sites, it would be expected to be enhanced in the presence of
glutamate uptake blockers. We therefore examined this possibility. In the absence of synaptic stimulation, application of the
transporter blocker L-trans-pyrrolidine-2,4-dicarboxylic acid (Ltrans-PDC; 100 M) reduced the amplitude of spontaneous synaptic currents and generated a large inward current accompanied
by a noise increase. This suggested an accumulation of glutamate
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Figure 6. Effect of glutamate transporter blockade on interneuron
EPSCs. A, Average EPSCs evoked at 0.5 Hz at three increasing stimulus
intensities. Superimposed thin and thick traces are averaged data in the
absence and presence of 50 M DL-TBOA, respectively. Top traces show
the effect of DL-TBOA under control conditions, and bottom traces show
the effect on the NMDAR-mediated component isolated in 20 M
CNQX. B, Responses of the same cell as in A to 50 Hz trains of parallel
fiber stimuli. DL-TBOA application prolonged the compound EPSC train
at all stimulus intensities and, in this cell, enabled activation of an NMDA
component that was previously absent at V1. Stimulus artifacts have been
blanked, and stimulus timing is marked by the filled triangles.

in the extracellular space, likely not only because of block of
uptake but also because of glutamate release by heteroexchange
triggered by the transport of L-trans-PDC (Griffiths et al., 1994;
Volterra et al., 1996; Koch et al., 1999). It was therefore not
possible to interpret the data obtained in the presence of this
transporter blocker.
We next turned to the selective glutamate transporter blocker
DL-TBOA (50 M), which is neither transported nor causes
heteroexchange of glutamate (Shimamoto et al., 1998; Waagepetersen et al., 2001). In addition, we made these recordings at
positive holding potentials in the presence of 1 mM Mg 2⫹. This
was to minimize the actions of untransported glutamate on
NMDARs in other neurons in the slice. Figure 6 illustrates
average data from a cell in which EPSCs were evoked at 0.5 Hz
(Fig. 6 A) and 50Hz (Fig. 6 B) at increasing stimulus intensities
(V1-V3). DL-TBOA was applied locally from a perfusion pipette.
The top traces in Figure 6, A and B, illustrate the effect of
DL-TBOA on EPSCs in the absence of glutamate receptor antagonists; the bottom traces show its effect on the NMDAR component (in the presence of 5 M CNQX). From the data in the
left-hand panels of Figure 6 A, it is apparent that DL-TBOA had
little effect on EPSCs evoked by low-intensity, low-frequency
stimuli. However, when a greater number of PFs were activated at
low frequency (V2 and V3), DL-TBOA prolonged the EPSCs.
When bursts of stimuli were used to facilitate release (Fig. 6 B),
DL-TBOA had a small effect when the stimulus intensity was low

Figure 7. The effect of inhibition of glutamate transporters is correlated
with the amount of glutamate released. A, The relationship between
initial NMDAR-mediated charge resulting from a single stimulus at 0.5
Hz for different stimulation intensities. Each data point represents one
stimulation intensity for each of the seven cells included. Correlation
coefficients ( R) and degree of significance ( p) were obtained using nonparametric tests (KS). B, Same as A, but for 50 Hz trains. C, The effect of
stimulus intensity on the time taken for NMDAR-mediated current
resulting from 50 Hz trains to reach peak amplitude.

(V1), but this effect was greatly enhanced with increasing stimulus strength. The dramatic effect of DL-TBOA on the NMDARmediated component is more clearly seen in the presence of
CNQX (Fig. 6 B, bottom traces).
The remaining experiments on the effect of DL-TBOA on the
NMDAR-mediated component of the EPSC were performed in
the presence of CNQX. The results are summarized in Figure 7.
The magnitude of the effect of DL-TBOA was clearly dependent
on the initial NMDAR-mediated charge transfer with both 0.5
and 50 Hz stimulation (Fig. 7 A,B). This is consistent with the
idea that the effect of DL-TBOA depended on the quantity of
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glutamate released. Hence, the larger the initial charge, the
greater its increase in the presence of DL-TBOA. As shown in
Figure 7C, the time taken for the NMDA current to reach its
peak (measured from the beginning of the 50 Hz train) depended
on stimulus intensity and was prolonged by blockade of glutamate
transport.

DISCUSSION
We have identified a synapse in molecular layer interneurons, at
which unitary EPSCs are mediated by AMPA receptors alone,
despite the observation that these cells express functional
NMDARs. These NMDARs are activated by synaptically released glutamate only under conditions of intense activity. Our
findings reveal a switch in functional behavior of the synapse that
is regulated by the level of presynaptic activity: unitary EPSCs
are mediated purely by AMPARs, whereas compound EPSCs are
mediated by both AMPAR and NMDARs. Transporters regulate
the extent of NMDAR activation, but only under conditions of
dense PF activity. These findings identify, for the first time, a
synapse in which the type of ionotropic glutamate receptor activated depends on the amount of synaptic activity.

Activity dependence of glutamate receptor
contribution to EPSCs
We find that activation of a small number of PF synapses on
molecular layer interneurons (such as during spontaneous synaptic release of glutamate) generates EPSCs mediated purely by
AMPARs. The decay time course of these EPSCs is fast and is
consistent with the deactivation time constant of AMPARs measured in outside out patches from these neurons (Barbour et al.,
1994). Stimulation of larger numbers of fibers increases the EPSC
amplitude and recruits an NMDAR-mediated current to the
synaptic response. Because our experiments show that NMDARs
are present in the dendrites of these neurons, it is likely that these
receptors are involved in generating this current.
What underlies this activity-dependent difference in NMDAR
involvement in synaptic transmission? Because NMDARs have a
high apparent affinity for glutamate when compared with AMPARs (Lester et al., 1990; Clements and Westbrook, 1991), their
activation would be expected to accompany the AMPAR-EPSC if
both receptor types were present in the PSD (Clements et al.,
1992; Holmes, 1995; Diamond, 2001). The most likely explanation for the lack of NMDAR contribution to the unitary response,
is that, although AMPARs are present in the PSD (as indicated
by the rapid AMPAR EPSC rise time; 0.19 ⫾ 0.01 msec n ⫽ 9
10 –90%), NMDA receptors are located outside the postsynaptic
specialization and activated only after increased transmitter
release.
Immunocytochemical techniques using nondiffusible markers
(such as gold particles) have been used to examine synaptic
localization of neurotransmitter receptors in electron microscopic
sections of tissue from different brain regions. To date, no detailed comparison of AMPA and NMDAR localization has been
made in the molecular layer of cerebellum. In particular, immunoreactivity for NMDARs at PF–interneuron synapses has not
been described. Although immunocytochemical (Takumi et al.,
1999; Racca et al., 2000) and functional approaches (Wu et al.,
1996; Isaac et al., 1997; Li and Zhuo, 1998; Rumpel et al., 1998)
have identified synapses in various brain regions that contain only
NMDARs, most central synaptic currents are mediated both by
AMPARs and NMDARs, when both are present in the cell.
Indeed, available evidence suggests that the majority of AMPAR
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and NMDARs are concentrated in the PSD with a steep decline
in concentration at the edges of the postsynaptic specialization. In
contrast, our data suggest that at PF–interneuron synapses,
NMDARs are not targeted to the PSD and are expressed only in
the extrasynaptic membrane.
The dendrites of molecular layer interneurons are mostly aspiny, and the majority of excitatory synapses are made onto
smooth dendritic membrane (Palay and Chan-Palay, 1974). In
addition, glial processes are rarely observed in close proximity to
these synapses (Chaudhry et al., 1995), and so diffusion out of the
synaptic cleft will be less restricted in comparison with synapses
made onto spines. When glutamate is released from few (one or
two) synapses, the glutamate transient is likely to be short-lived,
because glutamate diffuses quickly away from the release site and
is diluted in the extracellular space. Under these conditions, the
transmitter concentration outside the synaptic cleft is unlikely to
be sufficient to activate extrasynaptic receptors. The fast decay
kinetics of the pure AMPAR EPSC that we observe when few
fibers are activated suggests that this is the case at PF synapses on
interneurons. With dense activity of parallel fibers, glutamate
may accumulate to activate extrasynaptic NMDARs, because the
free diffusion between synapses would be expected to allow
spillover of transmitter from adjacent boutons. In this context we
use “spillover” to refer to glutamate diffusion to extrasynaptic
receptors and not necessarily to receptors at neighboring synapses. Our experiments demonstrate with, stimulus trains, that
frequency-dependent facilitation of glutamate release enhances
this effect.
Another possible explanation of our findings may be that some
PF synapses onto interneurons do contain NMDARs but that
these synapses have a very low release probability (Pr) and generate EPSCs only under conditions when Pr is enhanced, such as
during high-frequency activation. This possibility is difficult to
address directly, because manipulations to increase Pr also greatly
reduce the likelihood of evoking EPSCs from just a small number
of synapses. However, we found that an increase in temperature,
another condition that is expected to increase Pr (Van der Kloot
and Molgo, 1994; Hardingham and Larkman 1998), did not reveal
a population of synapses at which an NMDAR component contributed to EPSCs evoked by low-intensity stimulation. It is also
not possible to entirely rule out that some PF synapses on interneurons may contain NMDARs, although we did not detect them
in this study. If this is the case, they may contribute to the
NMDAR-mediated component observed during high-intensity or
high-frequency stimulus protocols. However, it is unlikely that
they would be solely responsible for the NMDAR component,
because such synapses are likely to be few in number, in comparison with the AMPAR-only synapses.

The role of glutamate transporters in NMDA
receptor activation
We find that, during low-intensity stimulation at low frequency,
block of glutamate transport does not induce an NMDAR involvement in the EPSC. However, it does increase the NMDARmediated charge transfer when glutamate release is enhanced,
either by activation of more synapses or by facilitation by highfrequency bursts. This is likely to be a consequence of two factors.
First, as discussed above, the spatial profile of glutamate will be
different under the two conditions, with greater activity producing a much wider spread of glutamate. Second, if glutamate
transporters are located distant from the synapse, uptake will be
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effective only when the glutamate transient spreads far enough to
reach them.
The lack of glial processes around excitatory synapses onto
cerebellar interneurons (Chaudhry et al., 1995) not only implies
that the diffusional path between synapses is clear, but also that
the distance from the site of glutamate release to the nearest glial
glutamate transporters (GLT1 and GLAST) is long. Immunogold
labeling of GLT1 and GLAST has shown that these transporters
are located more distant from PF–interneuron synapses compared with PF–Purkinje cell synapses and, in addition, that they
are present at lower densities (Chaudhry et al., 1995). Although
there is some evidence that the neuronal transporter EAAC1 may
be present in molecular layer interneurons (Furuta et al., 1997), it
is not known whether this transporter is localized perisynaptically in these cells. Because transporter blockers did not affect
EPSCs arising from a small number of active parallel fibers, it is
probable that any neuronal glutamate transporters present are not
optimally located to regulate NMDAR involvement under conditions when release is low. This result also rules out the possibility that NMDARs are perisynaptic and that synaptic glutamate
transporters prevent their activation during single fiber EPSCs.

Functional implications for excitation of molecular
layer interneurons
Parallel fibers (granule cell axons), are densely packed in the
molecular layer of the cerebellum. Little is known about patterns
of activity in vivo from the granule cells onto their targets (interneurons and Purkinje cells). Specifically, it is not known whether
coincident excitatory inputs converge onto a localized area of
dendrite or if they are distributed across different, distinct dendritic areas. According to our findings, the number and spatial
distribution of active fibers will determine whether or not
NMDARs are activated in vivo. Although dense parallel fiber
activity (when many adjacent fibers are activated), will result in
NMDAR activation in interneurons, it is probable that an equivalent number of sparsely distributed but coincident inputs might
generate purely AMPAR-mediated EPSCs. In effect this means
that the same number of active inputs can drive two different
kinds of postsynaptic response, depending on the way in which
they are organized.
Molecular layer interneurons spontaneously fire action potentials in vivo (Armstrong and Rawson, 1979) and in slice preparations. This provides a continuous but irregular barrage of inhibitory input to both Purkinje cells and other interneurons, which
modulates integration of postsynaptic potentials (Häusser and
Clark, 1997). In addition, synaptically driven action potentials in
interneurons are thought to provide specifically targeted inhibitory inputs that shape the response of Purkinje cells to excitation
(Eccles et al., 1967). The presence of AMPAR-only synapses that
generate EPSCs of relatively fast kinetics will allow temporally
precise coupling of single EPSCs to action potentials and thus
enable accurately timed inhibitory output. This behavior would
be consistent with emerging principles of interneuron function
(Geiger et al., 1997).
We have found previously that AMPARs at PF–interneuron
synapses can be Ca 2⫹-permeable when parallel fibers are stimulated at low frequency (Liu and Cull-Candy, 2000). Little is
known about the characteristics of calcium transients resulting
from synaptic activation of calcium-permeable AMPARs or from
slower NMDAR-mediated currents resulting from spillover of
transmitter onto extrasynaptic sites. It will be interesting to discover whether the calcium signals resulting from these two routes
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of calcium entry are quantitatively different. It may be that a spatial separation of calcium-permeable AMPARs and NMDARs
in some neuronal dendrites can provide for two distinct types of
calcium signal in response to synaptic input.
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