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NMDA and AMPA receptors (NMDARs and AMPARs) are colo-
calized at most excitatory synapses in the CNS. Consequently,
both receptor types are activated by a single quantum of
transmitter and contribute to miniature and evoked EPSCs.
However, in amphibian retina, miniature EPSCs in ganglion cell
layer neurons are mediated solely by AMPARs, although both
NMDARs and AMPARs are activated during evoked EPSCs.
One explanation for this discrepancy is that NMDARs are lo-
cated outside of the synaptic cleft and are activated only when
extrasynaptic glutamate levels increase during coincident re-
lease from multiple synapses. Alternatively, NMDARs may be
segregated at synapses that either are not spontaneously ac-
tive or yield miniature EPSCs that are too small to detect. In this
study, we examined excitatory, glutamatergic synaptic inputs to
neurons in the ganglion cell layer of acute slices of rat retina.
EPSCs, elicited by electrically stimulating presynaptic bipolar

cells, exhibited both NMDAR- and AMPAR-mediated compo-
nents. However, spontaneous EPSCs exhibited only an
AMPAR-mediated component. The effects of low-affinity, com-
petitive receptor antagonists indicated that NMDARs encounter
less glutamate than AMPARs during an evoked synaptic re-
sponse. Reducing glutamate uptake or changing the probability
of release preferentially affected the NMDAR component in
evoked EPSCs; reducing uptake revealed an NMDAR compo-
nent in spontaneous EPSCs. These results indicate that
NMDARs are located extrasynaptically and that glutamate
transporters prevent NMDAR activation by a transmitter re-
leased from a single vesicle and limit their activation during
evoked responses.
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At most excitatory synapses in the CNS, AMPA receptors
(AMPARs) and NMDA receptors (NMDARs) are colocalized
in the postsynaptic membrane (Bekkers and Stevens, 1989;
McBain and Dingledine, 1992; Silver et al., 1992). Consequently,
both receptor types usually contribute to evoked EPSCs and to
miniature EPSCs, the postsynaptic response to a single quantum
of transmitter.

In the retina, ganglion cells receive excitatory and inhibitory
synaptic input from bipolar cells and amacrine cells at synapses in
the inner plexiform layer (IPL). Ganglion cells integrate and
translate this input into patterns of action potentials that are
propagated along their axons in the optic nerve to targets in the
lateral geniculate nucleus and superior colliculus. Cells in the
ganglion cell layer (GLCs) (Matsui et al., 1998) of numerous
species express both NMDARs and AMPARs (Aizenman et al.,
1988; Mittman et al., 1990; Cohen et al., 1994). Accordingly,
EPSCs evoked by either light or electrical stimulation exhibit
NMDAR and AMPAR components (Mittman et al., 1990; Dia-
mond and Copenhagen, 1993; Lukasiewicz and Roeder, 1995;
Matsui et al., 1998; Higgs and Lukasiewicz, 1999; Matsui et al.,
1999). However, in acute slices of amphibian retina spontaneous
EPSCs (sEPSCs) lack an NMDAR-mediated component (Taylor
et al., 1995; Matsui et al., 1998). Two mechanisms have been

proposed to explain this result: first, that NMDARs are located
extrasynaptically and are activated only by the concomitant re-
lease of many vesicles (Matsui et al., 1998; Higgs and Lukasie-
wicz, 1999); second, that NMDA and AMPA receptors are
expressed separately at different synapses and that only the
AMPAR-mediated sEPSCs are detectable (Taylor et al., 1995).
Physiological data from amphibian retina supports the first pos-
sibility (Matsui et al., 1998), but the punctate expression and
colocalization of NMDARs and the postsynaptic density protein
PSD-95 in the IPL of rat retina (Fletcher et al., 2000) support the
second idea, although the identity of the postsynaptic, immunopo-
sitive neurons was not established in the latter study.

We examined this issue in the rat retina by recording evoked
and spontaneous EPSCs from GLCs in acute slices. Consistent
with reports in amphibian retina, we find that electrically evoked
EPSCs are mediated by both AMPARs and NMDARs, whereas
sEPSCs are mediated solely by AMPARs. Using low-affinity
competitive antagonists of either receptor type, we show that
AMPARs are exposed to more synaptically released glutamate
than are NMDARs during an evoked response. In addition,
reducing glutamate uptake or changing release probability affects
the amplitudes of NMDAR EPSCs to a greater extent than those
of AMPAR EPSCs. Finally, reducing glutamate uptake causes an
NMDAR-mediated component to emerge in the sEPSCs. Taken
together, these results suggest that NMDARs on GLCs are
located outside of excitatory synapses and are activated only when
multiple release events increase extrasynaptic glutamate levels
sufficiently. These results suggest that glutamate transporters
regulate NMDAR activation and, subsequently, the manner in
which GLCs integrate synaptic input.
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MATERIALS AND METHODS
Slice preparation and solutions. Retinal slices were prepared from Sprague
Dawley rats (17–22 d) in accordance with the National Institute of Neuro-
logical Disorders and Stroke Animal Care and Use Committee guidelines.
Both eyes were removed and immersed in oxygenated extracellular solution
at room temperature. Extracellular solution contained (in mM): 119 NaCl,
2.5 KCl, 1.3 MgCl2, 2.5 CaCl2, 26.2 NaHCO3, 1 NaH2PO4, 20 glucose, 2 Na
pyruvate, and 4 Na lactate, bubbled with 95% O2 and 5% CO2. The cornea,
iris, lens, and vitreous were removed from one eye with scissors. The retina
was mechanically detached from the eyecup and immersed in 2% agarose
(low-gelling temperature, type VII; Sigma, St. Louis, MO) and cut into
200-�m-thick slices on a vibratome (Leica, Nussloch, Germany). Slices
were prepared and stored in oxygenated extracellular solution; they were
transferred one at a time to the recording chamber, in which picrotoxin
(100 �M) and strychnine (10 �M) were added to oxygenated extracellular
solution to block inhibitory synaptic transmission. For outside-out patch
experiments, the NaHCO3 in the extracellular solution was replaced with
20 mM HEPES. In magnesium-free solutions, MgCl2 was replaced with
CaCl2. The patch pipette solution contained (in mM): 120 Cs methanesul-
fonate, 10 EGTA, 20 HEPES, 2 MgATP, and 0.2 NaGTP. All solutions
were adjusted to pH 7.4 with NaOH or CsOH and adjusted to 290–300
mOsm with sucrose. Reagents were obtained from Sigma, except for
L-glutamate, L-2-amino-5-phosphonopentaenoic acid (L-AP-5), and D,L-
threo-�-benzyloxyaspartate (TBOA), which were obtained from Tocris
Cookson (Ballwin, MO).

Solution delivery. The recording chamber was superfused constantly at
a low rate (1 ml/min) with control extracellular solution. During outside-
out patch recordings, control and test solutions were delivered simulta-
neously through theta glass tubing (Warner Instruments, Hamden, CT)
pulled to a tip width of 100 �m per barrel. The solution flow created a
sharp interface between solutions delivered through neighboring barrels.
Solution changes were made by moving the tubing rapidly with a piezo-
electric bimorph (Piezo Systems, Cambridge, MA), such that the solu-
tion interface traversed the width of the patch pipette tip, enabling brief
(1–2 msec) applications of L-glutamate.

Electrophysiology. All recordings were made from GLCs with an Axo-
patch 1D amplifier (Axon Instruments, Foster City, CA) in voltage-
clamp mode. Patch electrodes (#0010 glass; World Precision Instru-
ments, Sarasota, FL) had tip resistances of 4–5 M� when filled with
internal solution. Access resistance was 10–20 M�; it was monitored
continuously and not compensated. Data acquisition and analysis were
performed with custom macros written in IgorPro (WaveMetrics, Lake
Oswego, OR). Data were filtered at 5 kHz and sampled at 10 kHz.
Responses were elicited with a stainless steel bipolar electrode (Freder-
ick Haer, Bowdoinham, ME), positioned in the outer plexiform layer or
the distal part of the inner nuclear layer. Because large stimulus currents
often elicited longer-lasting, multiphasic responses, the stimulus strength
was adjusted such that the AMPAR EPSC decayed in a relatively rapid,
monotonic manner (Fig. 1).

Outside-out patches were obtained by slowly withdrawing the patch
pipette after establishing a whole-cell recording. Because L-glutamate-
evoked currents were very small in conventional outside-out patches,
gentle suction was applied during withdrawal to obtain nucleated
patches.

All experiments were performed at room temperature (21–23°C).
Unless otherwise indicated, all data are expressed as means � SD; p
values indicate paired t tests, and p � 0.05 was considered significant.

RESULTS
Electrically evoked synaptic responses in GLC neurons
Whole-cell voltage clamp recordings were made from GLCs in
acute slices of rat retina (Fig. 1A). Electrical stimuli (10–20 �A,
600 �sec) were delivered through a stainless steel bipolar stimu-
lating electrode positioned in the outer plexiform layer (Fig. 1A).
When the cell was voltage clamped at �80 mV, stimulation
elicited inward currents that were reduced either by the Ca2�

channel blocker Cd2� (20 �M; 87 � 10% block; n � 7) (Fig. 1B),
6,7-dinitroquinoxaline-2,3-dione (DNQX, 10 �M; 96 � 2% block;
n � 6) (Fig. 1C) or 1-[4-aminophenyl]-4-methyl-7,8-methylene-
dioxy-5H-2,3-benzodiazepine (GYKI 52466, 25 �M; 94 � 6%
block; n � 4) (Fig. 1D), indicating that the responses reflected
primarily synaptic activation of AMPARs.

In a subset of cells, the charge transfer (Q) during both evoked
EPSCs and sEPSCs was measured to estimate the quantal con-
tent of the evoked response. The quantal content (Qevoked/
QsEPSC) was quite variable across cells (16 � 13; n � 7). This
approach requires that sEPSCs reflect the postsynaptic response
to a single quantum, rather than multivesicular release, which has
been demonstrated at some synapses (Tong and Jahr, 1994;
Auger et al., 1998; Wadiche and Jahr, 2001). QsEPSC was unaf-
fected by changes in pr (see Fig. 6A,B), consistent with the
sEPSCs being uniquantal. However, it remains possible that mul-
tivesicular release occurs during an evoked response, which could
lead to an underestimate of the quantal content with this method.

Electrically evoked EPSCs exhibited faster time courses than
light-evoked EPSCs that were recorded in mammalian ganglion
cells previously (Cohen, 2000), presumably because the bipolar
cell depolarization elicited by electrical stimulation has a faster
time course than that elicited by light (cf. Higgs and Lukasiewicz,
1999; Berntson and Taylor, 2000). Although the GCL in rat retina
contains both ganglion cells and displaced amacrine cells (Perry,
1981), no systematic differences in EPSC characteristics distin-
guished the cell types. Consequently, the data from all cells have
been pooled; the postsynaptic neurons are referred to as GLCs
(Matsui et al., 1998). Generally, larger cells that were not imme-

Figure 1. Electrically evoked EPSCs in rat GCLs are shown. A, Infrared
differential interference contrast image of a rat retinal slice. A bipolar
stimulating electrode is positioned in the outer plexiform layer (OPL; one
pole visible, lef t). A ganglion cell layer (GCL) was patched and filled with
Lucifer yellow (right); the fluorescence image has been superimposed.
The axonal process just below the soma (arrow) indicates that this cell is
probably a ganglion cell. INL, Inner nuclear layer. B, Evoked EPSCs
(holding potential, �80 mV) were blocked reversibly by the calcium
channel blocker CdCl2 (20 �M). C, EPSCs (�80 mV) were blocked by the
non-NMDA receptor antagonist DNQX (10 �M). D, EPSCs were blocked
by GYKI (25 �M), an AMPAR antagonist.
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diately adjacent to the IPL were selected for recording; when a
subset of recorded cells was filled with Lucifer yellow, 9 of 10 cells
exhibited a visible axonal process, indicative of ganglion cells
(Fig. 1A).

Evoked responses exhibit AMPAR and
NMDAR components
Synaptic, glutamatergic excitation of GLCs in amphibian retinal
slices is mediated by both AMPARs and NMDARs (Mittman et
al., 1990; Diamond and Copenhagen, 1993; Lukasiewicz and
Roeder, 1995; Lukasiewicz et al., 1997; Matsui et al., 1998).
However, in rat ganglion cells grown in culture, evoked synaptic
responses are mediated solely by AMPARs, even though the cells
express functional NMDARs (Taschenberger et al., 1995). To
determine whether this discrepancy is attributable to a difference
in species or in preparation, we looked in rat retinal slices to see
whether evoked EPSCs in GLCs exhibit an NMDAR compo-
nent. NMDARs are mostly blocked at negative potentials by
external magnesium ions, but this blockade is primarily relieved
at positive potentials (Mayer et al., 1984; Nowak et al., 1984).
Accordingly, when the postsynaptic membrane was clamped at
positive potentials, the evoked EPSC decayed much more slowly
(Fig. 2A), indicating the presence of an NMDAR component
(Hestrin et al., 1990a; Mittman et al., 1990). The kinetic differ-
ences between the two components allowed them to be examined
simultaneously: the early component of the EPSC exhibited a
linear, ohmic conductance, typical of AMPARs, and the late
component exhibited a J-shaped current–voltage relationship,
indicative of NMDARs (Mayer et al., 1984; Nowak et al., 1984)
(Fig. 2B).

The AMPAR and NMDAR components could also be distin-
guished pharmacologically. As shown in Figure 1, at �80 mV the
response was abolished by AMPAR antagonists, including
DNQX or 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxa-
line-7-sulfonamide (NBQX; 5 �M) (Fig. 2C). In contrast, the
NMDAR antagonist (RS)-3-(2-carboxypiperazin-4-yl)-propyl-1-
phosphonic acid (CPP; 5 �M) had little effect on the EPSC at �80
mV (Fig. 2D). At �40 mV, NBQX blocked a fast component of
the EPSC (Fig. 2C), whereas CPP blocked the slow component
(Fig. 2D).

Spontaneous EPSCs exhibit only an
AMPAR component
At hippocampal and cerebellar synapses, evoked EPSCs are also
mediated by NMDARs and AMPARs (Hestrin et al., 1990a;
Silver et al., 1992). Moreover, miniature EPSCs also exhibit
NMDAR and AMPAR components at these synapses, indicating
that the two receptor types are colocalized in the postsynaptic
membrane (Bekkers and Stevens, 1989; McBain and Dingledine,
1992; Silver et al., 1992). In contrast, sEPSCs in amphibian
(Taylor et al., 1995; Matsui et al., 1998) and mammalian (Tas-
chenberger et al., 1995; Tian et al., 1998) GLCs do not exhibit an
NMDAR component, suggesting that NMDARs may be ex-
pressed either extrasynaptically or at synapses different from
those at which AMPARs are expressed. We addressed this ques-
tion in rat retinal slices by recording sEPSCs in GLCs (Fig. 3).
The sodium channel blocker tetrodotoxin (TTX; 1 �M) did not
affect the frequency, amplitude, or waveform of spontaneous
events recorded in GLCs (data not shown); therefore, the exper-
iments described here were performed in the absence of TTX,
and the events are referred to as sEPSCs.

As shown above, evoked EPSCs exhibited a prominent

NMDAR component at positive potentials (Figs. 2, 3A). Because
of the prolonged time course of the NMDAR conductance, the
charge transferred during an EPSC (Qevoked) clamped at �40 mV
was significantly greater than at �80 mV, despite the reduced
driving force (Qevoked at �40 mV � 711 � 656% of Qevoked at
�80 mV; n � 7; p � 0.003) (Fig. 3B). However, the average
charge transferred during sEPSCs (Qspont) recorded at �50 mV,
when scaled to account for the difference in driving force, was not
significantly different from that during the Qspont recorded at �80
mV [Qspont (�50, scaled) � 89 � 27% of Qspont at �80 mV; n �
5; p � 0.49] (Fig. 3D).

When magnesium was removed from the extracellular solu-
tion, an NMDAR component was detected in the evoked
response at �80 mV (Fig. 3E), which led to a significant
increase in Qevoked (411 � 253% of control; n � 6; p � 0.01)
(Fig. 3F ). This did not appear to result from any change in the
probability of release, because no effects were observed in the

Figure 2. Electrically evoked EPSCs exhibit AMPAR and NMDAR
components. A, EPSCs recorded at holding potentials (in millivolts) are
indicated at lef t. Dashed lines indicate the early (circles) and late (squares)
time points at which EPSC amplitudes were measured in B. Stimulus
artifacts have been removed for clarity. B, The early component of the
EPSC (circles) exhibited an ohmic conductance typical of the AMPAR,
whereas the late component (squares) exhibited the J-shaped conductance
signature of the NMDAR (Mayer et al., 1984; Nowak et al., 1984). Similar
results were observed in seven cells. C, The AMPAR antagonist NBQX
(5 �M) blocked the entire EPSC at �80 mV and the early component at
�40 mV. Similar results were observed in six cells. D, The NMDAR
antagonist CPP exerted little effect at �80 mV and blocked a slow
component at �40 mV. Similar results were observed in six cells.
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evoked EPSC at �40 mV or in the AMPAR component of the
EPSC at �80 mV (Fig. 3E). At �80 mV, removing external
magnesium did not affect Qspont (104 � 5% of control; n � 7;
p � 0.22) (Fig. 3G,H ), and sEPSCs were abolished by 10 �M

DNQX (Fig. 3G). The lack of an NMDAR component in the
sEPSCs may reflect the depletion of endogenous glycine, a
coagonist of the NMDAR (Johnson and Ascher, 1987), from
the slice. To control for this possibility, sEPSCs were also
recorded in the absence of magnesium and the presence of 10
�M D-serine, a nontransported NMDAR glycine site agonist,
with similar results [Qspont (D-serine, 0 Mg 2�) � 115 � 26% of

control (0 Mg 2�); n � 5; p � 0.27] (data not shown). These
results indicate that sEPSCs in rat GLCs are mediated solely
by AMPARs, as has been reported for other species (Taylor et
al., 1995; Matsui et al., 1998; Tian et al., 1998).

NMDARs encounter a lower transmitter concentration
during a synaptic event
The experiments illustrated in Figure 3 suggest that NMDARs
on rat GLCs may be located either extrasynaptically or in syn-
apses separate from AMPARs. If NMDARs were located extra-
synaptically, they would be likely to encounter a lower glutamate

Figure 3. Spontaneous EPSCs do not exhibit an NMDAR component. A, EPSCs evoked in control solution at holding potentials of �80 and �40 mV.
B, The charge transferred during EPSCs (Qevoked ) at �40 mV was significantly greater than at �80 mV. C, Representative recordings showing
spontaneous activity at �80 and �50 mV. Inset, Average sEPSC at �80 mV (inward trace, average of 101 events from one cell) and �50 mV (outward
trace, average of 65 events from the same cell). D, Average charge transfer (Qspont ) at �80 and �50 mV (n � 5). Bar on right indicates data at �50 mV
scaled to reflect an 80 mV driving force. E, Effect on EPSCs of superfusing the slice with nominally Mg-free extracellular solution. F, Comparison of
Qevoked in control and nominally Mg-free solution. G, Representative recordings of spontaneous activity (�80 mV) in control solution, nominally Mg-free
solution, and Mg-free solution plus 10 �M DNQX. Inset, Average sEPSCs from one cell in control (n � 291 events) and nominally Mg-free solution (n �
284 events). H, Qspont in control solution and in nominally Mg-free solution (n � 7). Asterisks indicate a statistically significant difference compared with
control (p � 0.05).
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concentration during a synaptic event than AMPARs located
within the synaptic cleft, closer to the site of glutamate release. To
test this prediction, we examined the actions of low-affinity com-
petitive antagonists on synaptic responses and on receptor-
mediated currents in outside-out, nucleated patches excised from
GLC somata. The efficacy of �-D-glutamylglycine (�-DGG; 500
�M), a low-affinity AMPAR antagonist (Watkins and Olverman,
1987), and L-AP-5 (200 �M), a low-affinity NMDAR antagonist
(Watkins and Olverman, 1987), was calibrated by measuring their
effects on patch currents elicited by brief (2 msec) applications of
1 mM L-glutamate (see Materials and Methods) (Fig. 4A,C). In
one group of patches, AMPARs were pharmacologically isolated
by including 5 �M CPP in all solutions, whereas in another group
NMDARs were isolated by including 5 �M NBQX. The duration
of glutamate application was monitored by measuring open-tip
currents at the end of each experiment (Fig. 4A,C) and was
similar for both groups.

�-DGG (500 �M) reversibly reduced AMPAR responses in
excised patches (peak amplitude in �-DGG was 22 � 10% of
control; n � 6) (Fig. 4A,E). This degree of blockade was compa-
rable to the antagonism of �-DGG against AMPAR EPSCs
(peak amplitude in �-DGG was 21 � 9% of control; n � 6; p �
0.83, unpaired t test between patch and EPSC data) (Fig. 4B,E),
suggesting that AMPARs encountered comparable amounts of
glutamate in the patch and synaptic responses. In contrast, the
effect of L-AP-5 on NMDAR patch currents (peak amplitude in
L-AP-5 was 67 � 8% of control; n � 6) (Fig. 4C,F) was signifi-
cantly weaker than its effect on NMDAR EPSCs (peak amplitude
in L-AP-5 was 33 � 14% of control; n � 6; p � 0.001, unpaired t
test between patch and EPSC data) (Fig. 4D,F), suggesting that
NMDARs encountered less glutamate during the synaptic re-
sponses than during the patch responses. Although the fragility of
the patches pulled from GLCs precluded a direct comparison of
the two antagonists in the same patch, these results indicate that
AMPARs encounter more glutamate than NMDARs during a
synaptic response.

Blocking glutamate uptake preferentially enhances the
NMDAR component of the EPSC
The results presented thus far are consistent with a scenario in
which NMDARs on GLC dendrites are located outside the syn-
aptic cleft. Glutamate uptake plays a crucial role in clearing
synaptically released glutamate at many synapses (Otis et al.,
1996; Diamond and Jahr, 1997; Higgs and Lukasiewicz, 1999;
Carter and Regehr, 2000). Despite the presence of glutamate
transporters in neuronal membranes (Rothstein et al., 1994),
including those of rat bipolar and ganglion cells (Rauen et al.,
1996), most glutamate uptake in the inner retina appears to occur
at glial (Müller cell) membranes (Rauen et al., 1998), beyond the
immediate vicinity of the postsynaptic density. Thus, uptake may
limit activation of receptors outside the synaptic cleft (or in
neighboring, inactive clefts) more than it would affect receptor
activation within an active synapse. Therefore, one would predict
that the activation of extrasynaptic NMDARs would be limited
more than that of synaptic AMPARs by glutamate uptake.

To test this prediction, we examined the effects of TBOA
(Shimamoto et al., 1998) on evoked EPSCs. TBOA is a compet-
itive, nonsubstrate antagonist of glutamate transporters that does
not interact with NMDARs (Jabaudon et al., 1999). TBOA (10
�M) did not affect the charge transferred during AMPAR EPSCs
(Qevoked � 107 � 12% of control; n � 5; p � 0.2) (Fig. 5A,C). In
contrast, TBOA potentiated and prolonged NMDAR EPSCs

(Qevoked � 365 � 145% of control; n � 5; p � 0.02) (Fig. 5B,C).
Therefore, blocking transporters preferentially enhanced the
NMDAR component of the EPSC, which is consistent with there
being an extrasynaptic location for the NMDARs.

Figure 4. NMDARs encounter less synaptically released glutamate than
AMPARs. A, AMPAR responses (NMDARs blocked with 5 �M CPP) in
outside-out patches to brief pulses (1–2 msec) of L-glutamate (1 mM) in
control solution and in the continuous presence of �-DGG (500 �M;
holding potential, �80 mV). Top trace, Open-tip current across open
electrode, indicating the speed of solution exchange across the pipette tip.
B, Evoked AMPAR EPSCs (5 �M CPP) recorded in control solution and
in the presence of �-DGG (500 �M; holding potential, �80 mV). Stimulus
artifacts have been removed for clarity. C, As in A, except that NMDARs
were isolated (5 �M NBQX), and the effects of L-AP-5 (200 �M) were
tested (holding potential, �50 mV). D, Evoked NMDAR EPSCs (5 �M
NBQX) recorded in control solution and in the presence of L-AP-5 (200
�M; holding potential, �50 mV). Inset, EPSC recorded from the same
neuron at �80 mV. Calibration: 25 pA, 30 msec. E, Effects of 500 �M
�-DGG on patch currents (n � 6) and evoked EPSCs (n � 6). F, Effects
of 200 �M L-AP-5 on patch currents (n � 6) and evoked EPSCs (n � 5).
The asterisk indicates a statistically significant difference compared with
control (p � 0.05).
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Changing release probability preferentially affects
NMDAR activation
NMDAR activation in GLCs appears to require coincident re-
lease of multiple quanta. During an evoked response, glutamate
released from multiple vesicles at different synapses, or from
within the same synapse, may accumulate in the extrasynaptic
space to levels sufficient to activate extrasynaptic NMDARs.
NMDARs could even be activated by transmitter released at a
synapse made on a different postsynaptic cell. One might predict
from this model that changing the probability of release ( pr)
would change the extrasynaptic accumulation of glutamate and
affect the NMDAR EPSC, perhaps more than the AMPAR
EPSC. This would stand in contrast to other central synapses,
where changing pr affects NMDAR and AMPAR EPSCs to a
similar extent (Perkel and Nicoll, 1993; Tong and Jahr, 1994).

pr was manipulated by varying [Ca2�]o from 1 to 3 mM

([Mg2�]o was maintained at 1.3 mM), which caused a nearly
threefold increase in the charge transferred during the NMDAR
EPSC (284 � 136% increase; n � 4) (Fig. 6C,E). The AMPAR
EPSC was increased to a lesser extent (145 � 22% increase; n �
4) (Fig. 6C,E). The relatively small effect of changing pr on the
AMPAR EPSC suggests that pr may be quite high in 1 mM

[Ca2�]o, perhaps close to 1. If AMPARs were occupied to a
significant extent during release of a single vesicle, as suggested
previously (Clements et al., 1992; Silver et al., 1996; Liu et al.,
1999; Wadiche and Jahr, 2001), then multivesicular release at the
same synapse would cause a relatively small increase in AMPAR
activation.

Figure 5. Glutamate transporters limit synaptic activation of NMDARs.
A, Evoked AMPAR EPSCs recorded in control (5 �M CPP) and in the
presence of 10 �M TBOA (holding potential, �80 mV). B, Evoked
NMDAR EPSCs recorded in control (5 �M NBQX) and in the presence
of 10 �M TBOA (holding potential, �40 mV). C, Effects of TBOA on
Qevoked of AMPAR EPSCs (n � 5) and NMDAR EPSCs (n � 5). The
asterisk indicates a statistically significant difference compared with con-
trol (p � 0.05).

Figure 6. Changing pr preferentially affects NMDAR EPSC. A, Average
sEPSCs from one cell in 1 and 3 mM [Ca 2�]o. B, Changing [Ca 2�]o had
no significant effect on Qspont (n � 5) but increased sEPSC frequency
(frequency in 3 mM [Ca 2�]o � 187 � 101% of frequency in 1 mM
[Ca 2�]o ; n � 5; p � 0.05). C, AMPAR EPSCs (holding potential, �80
mV) and NMDAR EPSCs (holding potential, �50 mV; 5 �M NBQX) in
superfusion solution containing either 1 or 3 mM [Ca 2�]o. D, Effects on
NMDAR EPSCs (holding potential, �50 mV; 5 �M NBQX) of changing
[Ca 2�]o in the presence of TBOA (10 �M). E, Summary of effects of
changing [Ca 2�]o in the absence (n � 4) and the presence (n � 4) of
TBOA (10 �M). Experiments with TBOA were performed in a separate
set of cells. Asterisks indicate a statistically significant difference compared
with control (p � 0.05).
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Changing [Ca2�]o from 1 to 3 mM also enhanced the NMDAR
EPSC in the presence of TBOA (181 � 38%; n � 4) (Fig. 6D,E),
although to a somewhat lesser extent than in the absence of
TBOA. Whereas the results varied from cell to cell, the trend was
consistent with the idea that blocking transporters allows more
extrasynaptic NMDARs to be occupied during an EPSC in the
“low pr” condition (1 mM [Ca2�]o), resulting in less potentiation
when pr is increased.

Reducing uptake reveals an NMDAR component
in sEPSCs
Because glutamate uptake appeared to limit NMDAR activation
during evoked, multiquantal responses, we tested whether the
same was true during spontaneous (likely monoquantal) activity
by examining the effects of TBOA on sEPSCs (Fig. 7). TBOA (10
�M) did not affect the sEPSC charge transfer in normal (1.3 mM

[Mg2�]o) solution (Qspont � 99 � 18% of control; n � 5; p � 0.77)
(Fig. 7A, top lef t), consistent with analogous experiments in
amphibian GLCs (Higgs and Lukasiewicz, 1999; Matsui et al.,
1999). However, when Mg2� was removed from the superfusion

solution in the continued presence of TBOA a slow component
emerged, significantly increasing Qspont (210 � 66% of TBOA
alone; n � 5; p � 0.02) (Fig. 7A, top lef t). This slow component
was mediated by NMDARs because it was blocked by 5 �M CPP
(Qspont reduced to 116 � 21% of TBOA alone; n � 5; p � 0.2)
(Fig. 7A, top lef t). Subtraction of the average sEPSC waveform in
the presence of CPP from that in TBOA/0 Mg2� revealed a
CPP-sensitive component with a slow rise and decay (Fig. 7A,
bottom lef t).

Interestingly, the NMDAR component in the TBOA–0 Mg2�

condition was most apparent in the largest sEPSCs. No significant
effect of removing Mg2� was observed in the smallest 20% of
events (Qspont � 108 � 30% of TBOA alone; n � 5; p � 0.6) (Fig.
7A, center), whereas a marked effect was observed in the largest
20% of events (Qspont � 183 � 63% of TBOA alone; n � 5; p �
0.04) (Fig. 7A, right). These results suggest that extrasynaptic
NMDARs would be activated by glutamate released from a single
vesicle were it not for high-affinity glutamate uptake, particularly
during the quantal events that generate the largest postsynaptic
responses.

DISCUSSION
The experiments presented here indicate that NMDARs on
GLCs are activated only during evoked responses, when multiple
release events occur. Glutamate released from a single quantum
is not, by itself, sufficient to activate NMDARs, apparently be-
cause glutamate uptake limits transmitter access to the
NMDARs. Thus, in contrast to most central synapses, in which
glutamate transporters regulate the synaptic activation of
NMDARs only moderately (Hestrin et al., 1990b; Sarantis et al.,
1993; Asztely et al., 1997; cf. Overstreet et al., 1999), transporters
in the inner retina appear to play a critical role in limiting
NMDAR activation by synaptically released glutamate.

Extrasynaptic NMDA receptors
These results in rat retinas are consistent with previous work in
amphibian GLCs that showed that sEPSCs are mediated solely by
AMPARs, despite the presence of an NMDAR component in the
evoked EPSC (Taylor et al., 1995; Matsui et al., 1998). Taylor et
al. (1995) suggested that NMDARs may be segregated from
AMPARs at different synapses; Matsui et al. (1998) proposed
that NMDARs are located extrasynaptically. The data presented
here are interpreted most easily in the context of the second
scenario: NMDARs were shown to encounter less glutamate
during a synaptic response (Fig. 4); reducing transport with
TBOA or increasing pr preferentially enhanced the NMDAR
component of the EPSC (Figs. 5, 6); and TBOA caused an
NMDAR component to emerge in sEPSCs (Fig. 7). Taken to-
gether, these results suggest that NMDARs are located at some
distance from the site of release.

However, most of our results can also be interpreted in terms of
the segregated-receptor hypothesis (Taylor et al., 1995). This
scenario is potentially consistent with immunohistochemical evi-
dence from rat retina that NMDARs colocalize with PSD-95 at
postsynaptic densities in the IPL (Fletcher et al., 2000), although
the NMDAR-immunopositive dendrites were not identified in
that study and could have originated from amacrine cells in the
inner nuclear layer. If NMDARs were segregated at synapses into
which less glutamate was released during a synaptic response,
perhaps attributable to differences in release machinery (Choi et
al., 2000), NMDAR sEPSCs could be difficult to detect, and
low-affinity antagonists would block the evoked NMDAR EPSC

Figure 7. Blocking transporters reveals an NMDAR component in
sEPSCs. A, Top, Average sEPSCs recorded from one GLC at �80 mV in
control extracellular solution (1.3 Mg 2�, 62 events), control solution plus
10 �M TBOA (83 events), 0 Mg 2� extracellular solution plus 10 �M
TBOA (128 events), and 0 Mg 2� extracellular solution plus 10 �M TBOA
plus 5 �M CPP (109 events). Left, Average of all events. Center, Average
of smallest 20% of events. Right, Average of largest 20% of events.
Average sEPSCs in all four conditions are superimposed. A, Bottom,
Subtraction of average traces in TBOA/0 Mg 2�/CPP from average traces
in TBOA/0 Mg 2�. B, Summary of the effects of external magnesium,
TBOA, and CPP on sEPSCs (n � 5 cells). Asterisks indicate a statistically
significant difference compared with control (p � 0.05).
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to a relatively greater extent than the AMPAR EPSC (Fig. 4).
Blocking transporters could encourage spillover between neigh-
boring synapses, preferentially enhancing the NMDAR compo-
nent of the evoked EPSC (Fig. 5) (Asztely et al., 1997). However,
TBOA would cause an NMDAR component to emerge in the
sEPSCs (Fig. 7) only if substantial spillover consistently occurred
between synaptic contacts made on the same postsynaptic neuron.
At “dyad” synapses in the IPL, bipolar cell synaptic terminals are
apposed to two postsynaptic elements that only very rarely, if
ever, arise from the same ganglion cell (Dowling, 1987). Even if
they did, it seems unlikely, given the small dimensions of dyad
synapses (�200 nm diameter) (Koulen et al., 1998; Fletcher et al.,
2000), that even a high density of glutamate transporters could so
sharply partition the transmitter concentration within the syn-
apse. Given these considerations, the results presented here are
most consistent with an extrasynaptic location of NMDARs on
GLC dendrites.

In rat retinal ganglion cells grown in cell culture, neither
sEPSCs nor EPSCs exhibit an NMDAR component, even though
the cells exhibit functional NMDARs (Taschenberger et al.,
1995). Whereas it is possible that culture conditions would, for
some reason, favor AMPAR synapses over NMDAR synapses
[although this does not appear to be the case in the hippocampus
(Bekkers and Stevens, 1989; Gomperts et al., 1998)], it seems
more likely that synaptically released glutamate, on reaching the
perimeter of the cleft, would be diluted by the large extracellular
volume of the culture media before reaching extrasynaptic
NMDARs.

Transporters limit glutamate receptor activation
Decreasing glutamate transport with TBOA enhanced the
NMDAR EPSC but did not affect the AMPAR EPSC. This is
in contrast to previous reports in amphibian retinas that showed
that the glutamate transport inhibitor L-trans-pyrrolidine-2,4-
dicarboxylic acid (PDC) prolonged AMPAR EPSCs evoked by
electrical or light stimulation (Higgs and Lukasiewicz, 1999;
Matsui et al., 1999). In both of these previous studies, blocking
transporters enhanced primarily a slow component of the evoked
EPSC that was not evident in the responses reported here. The
discrepancy is likely attributable to differences in stimulus
strength; when we used stronger stimuli, we also observed a slow
component in the EPSC, similar to that reported in amphibians
(Higgs and Lukasiewicz, 1999; Matsui et al., 1999), that appeared
to be attributable to the spillover of glutamate onto AMPARs in
other synapses. It was enhanced by TBOA and blocked to a
greater extent than the fast component by �-DGG (data not
shown). We purposely limited stimulus intensity to examine the
differences between the NMDAR and AMPAR components
of the EPSC, although the effect of PDC on the light-evoked
AMPAR EPSC (Higgs and Lukasiewicz, 1999; Matsui et al.,
1999) strongly suggests that glutamate transporters limit AMPAR
activation in a physiologically meaningful manner.

When glutamate uptake was reduced with TBOA, an NMDAR
component emerged in sEPSCs, but only in larger events (Fig. 7).
One possible explanation for this result is that larger sEPSCs may
reflect activity at larger synapses that express more AMPARs
within the synaptic cleft and NMDARs extrasynaptically. In
contrast, smaller synapses would express fewer AMPARs and
perhaps no extrasynaptic NMDARs. Alternatively, larger
sEPSCs may reflect the release of more glutamate, which could
activate a larger fraction of synaptic AMPARs and, with trans-
porters inhibited, might succeed in activating extrasynaptic

NMDARs. [A wide range of transmitter concentrations would be
achieved if larger sEPSCs reflected spontaneous multivesicular
release. However, sEPSC amplitude was insensitive to changes in
[Ca2�]o (Fig. 6A,B), a manipulation that affects the incidence of
multivesicular release (Tong and Jahr, 1994; Auger et al., 1998;
Wadiche and Jahr, 2001), suggesting that sEPSCs reflect postsyn-
aptic responses to single quanta. Such a range of transmitter
concentrations, then, would have to arise from variations in
vesicular transmitter content (Frerking et al., 1995; Liu et al.,
1999).] Additional experiments are required to distinguish be-
tween these presynaptic and postsynaptic possibilities.

Possible physiological roles for extrasynaptic NMDARs
Functional NMDARs are expressed by retinal ganglion cells in
numerous species, but a specific role for NMDARs in ganglion
cell synaptic processing remains unclear. Changing [Ca2�]o:
[Mg2�]o from 2.5:1.3 to 3.8:0 caused little change in the EPSC
amplitude (Fig. 3E), suggesting that pr at bipolar cell terminals
may be maximal under control conditions (2.5 mM [Ca2�]o, 1.3
mM [Mg2�]o). Increasing [Ca2�]o:[Mg2�]o from 1:1.3 to 3:1.3
enhanced NMDAR EPSCs (indicating a modulation of pr) but
had relatively little effect on the AMPAR EPSC (Fig. 6). This
may mean that pr in 1 mM [Ca2�]o is nearly 1; if synaptic
receptors were significantly occupied under these conditions, then
increasing pr further would cause a subproportional change in
receptor activation. Perhaps their extrasynaptic location allows
NMDARs to avoid saturation and accurately reflect increases in
pr �1, a range over which synaptic receptors may be relatively
insensitive. It is possible that NMDARs may not be activated
under low-light conditions but may play a role in boosting the
synaptic response to stronger light stimuli. Although NMDARs
on salamander ganglion cells appear to mediate a similar fraction
of the response to weak and strong light stimulation (Diamond
and Copenhagen, 1995), recent work in mouse amacrine cells
suggests that postsynaptic NMDAR activation during a light
response may depend on bipolar cell terminal pr, which is regu-
lated by feedback inhibition from amacrine cells (Matsui et al.,
2001).
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