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NMDA receptors (NMDARs) are tetrameric protein complexes usually comprising two NR1
and two NR2 subunits. Different combinations of four potential NR2 subunits (NR2A-D)
confer diversity in developmental expression, subsynaptic localization, and functional
characteristics, including affinity for neurotransmitter. NR2B-containing NMDARs, for
example, exhibit relatively high affinity both for glutamate and the coagonist glycine. Although
multiple NMDAR subtypes can co-localize at individual synapses, particular subtypes often
mediate inputs from distinct functional pathways. In retinal ganglion cells (RGCs), NMDARs
contribute to synaptic responses elicited by light stimulus onset (“ON”) and offset (“OFF”),
but roles for particular NMDAR subtypes – and potential segregation between the ON and
OFF pathways –have not been explored. Moreover, elements in the retinal circuitry release
two different NMDAR coagonists, glycine and D-serine, but the effects of endogenous
coagonist release on the relative contribution of different NMDAR subtypes are unclear. Here,
we show that coagonist release within the retina modulates the relative contribution of different
NMDARs in the ON pathway of the rat retina. By pharmacologically stimulating functional
pathways independently in acute slices and recording synaptic responses in RGCs, we show
that ON inputs, but not OFF inputs, are mediated in part by NMDARs exhibiting NR2B-like
pharmacology. Furthermore, suppressing release of NMDAR coagonist reduces NMDAR
activation at ON synapses and increases the relative contribution of these putative NR2B-
containing receptors. These results demonstrate direct evidence for evoked coagonist release
onto NMDARs and indicate that modulating coagonist release may regulate the relative
activation of different NMDAR subtypes in the ON pathway.

Activation of NMDARs requires coincident binding of glutamate and a coagonist, which can
be either glycine (Johnson and Ascher, 1987) or D-serine (Mothet et al., 2000). Although the
coagonist binds the two NR1 subunits in the NMDAR tetramer (Lynch et al., 1994), the identity
of the NR2 subunits (NR2A-D) determines affinity for both the coagonist and glutamate
(Dingledine et al., 1999). NMDARs expressing different NR2 subunits can co-localize within
a synapse (Tovar and Westbrook, 1999); because NMDARs may not be saturated by synaptic
levels of glutamate (Mainen et al., 1999; Ishikawa et al., 2000; McAllister and Stevens,
2000) or coagonist (Vyklicky et al., 1990; Wilcox et al., 1996; Panatier et al., 2006), higher-
affinity subtypes within a mixed population may be activated preferentially during synaptic
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transmission. Accordingly, mechanisms that regulate available concentrations of transmitter
could change the relative contributions of NMDAR subtypes to synaptic signaling.

In the retina, NMDARs on ganglion cells (RGCs) are activated by glutamate released from
cone bipolar cells (CBCs) in spatially segregated ON and OFF pathways (Mittman et al.,
1990; Sagdullaev et al., 2006). All four NR2 subunits are expressed in vertebrate retina
(Brandstatter et al., 1994; Watanabe et al., 1994; Grunder et al., 2000), and both NR2A and
NR2B are prevalent in the inner plexiform layer (IPL; Fletcher et al., 2000), where NMDARs
are localized on RGC dendrites (Grunert et al., 2002), but it remains unknown how different
NMDAR subtypes contribute to RGC synaptic responses. ON and OFF inputs could express
distinct NMDAR subtypes, similar to other neurons receiving input from multiple pathways
(Kawakami et al., 2003; Kumar and Huguenard, 2003; Arrigoni and Greene, 2004).
Alternatively, NMDARs at these inputs might have differential access to glutamate
(Sagdullaev et al., 2006) or the coagonist (Lukasiewicz and Roeder, 1995), the identity (glycine
versus D-serine) of which remains uncertain. Several types of amacrine cells provide inhibitory
glycinergic input to RGCs (Kolb, 1979; Menger et al., 1998), but whether this glycine reaches
spatially segregated excitatory synapses, and whether ambient glycine levels saturate
NMDARs, is unclear. D-serine, present in Müller glia (Stevens et al., 2003), also may
contribute to NMDAR activation in the retina (Gustafson et al., 2007).

To investigate how coagonist levels and NMDAR subunit composition interact to regulate
NMDAR activation on RGCs, we recorded EPSCs from RGCs in acute slices of rat retina. We
find that a significant fraction of synaptically activated NMDARs in the ON pathway, but not
the OFF pathway, are sensitive to an NR2B NMDAR-selective antagonist. Within the ON
pathway, the relative contribution of NR2B-containing NMDARs to the EPSC is modulated
by coagonist release, and synaptic stimulation can increase coagonist levels from subsaturating
to saturating concentrations. Together, these results demonstrate an important role for
coagonist release in regulating the synaptic activation of different NMDAR subtypes on RGCs.

Materials and Methods
Slice preparation and solutions

Acute retinal slices were prepared from Sprague-Dawley rats and transgenic mice (17–23 d)
in accordance with the guidelines of the National Institute of Neurological Disorders and Stroke
Animal Care and Use Committee, as described previously (Chen and Diamond, 2002).
Following anesthesia and decapitation, both eyes were removed and immersed in oxygenated
extracellular solution at room temperature. Extracellular solution contained (in mM): 119
NaCl, 2.5 KCl, 1.5 MgCl2, 2.5 CaCl2, 1.25 NaH2PO4, 24 NaHCO3, 10 glucose, 2 Na pyruvate,
and 2 Na lactate, bubbled with 95% O2 and 5% CO2. Following surgical isolation of the retina,
a small piece was embedded in 2% agarose and cut into 200 μM-thick slices on a Vibratome
3000 (Ted Pella, Redding, CA). From the storage chamber, slices were transferred one at a
time to the recording chamber, which was perfused continuously (1.5–2 mL/min) with
oxygenated extracellular solution supplemented with picrotoxin (100 μM), TPMPA (50 μM),
and strychnine (10 μM) to block inhibitory synaptic transmission (except as noted). Control
extracellular solution also contained the group III mGluR agonist L-AP4 (10 μM; except in
light stimulation experiments), and 0.3 μM TTX was included to block voltage-gated sodium
(Nav) channels. In experiments requiring the reduction of extracellular [Ca2+], CaCl2 was
replaced with equimolar MgSO4. The patch pipette solution contained (in mM): 90 Cs
methanesulfonate, 20 TEA-Cl, 10 HEPES, 10 EGTA, 10 sodium phosphocreatine, 2 MgATP,
and 0.2 NaGTP, adjusted to pH 7.35 with CsOH. All experiments were performed at room
temperature (22°C), except light stimulation experiments, in which extracellular solution was
warmed to 26°C by an inline heater. Reagents were obtained from Sigma (St. Louis, MO; all
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salts, picrotoxin, strychnine, TPMPA, and DAAO), Tocris Cookson (Ellisville, MO; all
modulators of glutamate receptors), and Alomone (TTX).

Cell identification
RGCs were selected on the basis of location in the ganglion cell layer, large somata, and input
resistances between 100–600 MΩ. Identification of AII amacrine cells, rod bipolar cells, and
ON cone bipolar cells was aided by the addition of Alexa 488 (10 μM; Molecular Probes,
Eugene, OR) to the pipette solution and fluorescent imaging of the cells, which exhibited
distinct patterns of dendritic ramification in the inner plexiform layer (Singer and Diamond,
2003; Chavez and Diamond, 2008).

Electrophysiology
All recordings were made with an Axopatch 1D amplifier (Axon Instruments, Sunnyvale, CA)
in voltage-clamp mode. Patch electrodes (#0100 glass; World Precision Instruments, Sarasota,
FL) had tip resistances of 4–6 MΩ when filled with internal solution. Access resistance (15–
30 MΩ) was monitored constantly and not compensated. Data acquisition and analysis were
performed with custom macros written in Igor Pro (Wavemetrics, Portland, OR). Data were
filtered at 1 kHz and sampled at 2 kHz.

Light stimulation
Slices were prepared under dim red light. Voltage steps were used to illuminate an LED
mounted on the top port of a Zeiss inverted microscope. Full-field illumination was focused
orthogonally to the main axis of the photoreceptors. Stimulus intensities were typically 103 –
104 photons/mm2/s, and 3-s stimuli were given at 30 s intervals.

Pressure application of CPPG and kainic acid (KA)
A pneumatic pump (Parker Hannifin, Cleveland, OH) at 4–9 psi was used to apply CPPG (600
μM) or KA (100 μM) from a glass pipette positioned in the outer plexiform layer. In some
experiments, CPPG and KA were loaded into separate sides of a theta glass pipette; independent
application of either compound was confirmed by the failure of CPPG, applied directly to the
RGC soma, to produce a response, while direct application of KA to the same cell produced
an excitatory response (data not shown). Stimuli (100–300 ms) were delivered at 30 s intervals.

Electrical stimulation
Responses were elicited at 30 s intervals with a stainless steel bipolar electrode (Frederick
Haer, Bowdoinham, ME) positioned in the outer plexiform layer.

Immunohistochemistry
Tissue was prepared for light microscopy as described previously (Zhang and Diamond,
2006). Briefly, eyecups from P17 and P22 animals were fixed (D-serine: 4%
paraformaldehyde, 0.5% glutaraldehyde, 0.2% sodium metabisulfite; serine racemase (SR):
4% paraformaldehyde) in 0.1 M phosphate buffer (PB) at pH 7.4 for 15–30 min at room
temperature. Eyecups were washed several times in 0.1 M phosphate-buffered saline (pH 7.4)
with 0.5% sodium borohydride and 0.2% sodium metabisulfite, then cryoprotected at 4°C with
graded sucrose solutions (15%, 20% and 30%, 60 min each; then overnight in 30%). The tissue
was vertically sectioned (20 μm thick) on a cryostat, and mounted on glass slides. Slides were
rinsed in PBS, blocked in 10% normal donkey serum (NDS, Sigma) in PBS for 1 hour and
incubated overnight in primary antibodies of either polyclonal anti-rabbit D-serine (1:200,
Gemac, Bordeaux, France), polyclonal anti-goat SR (1:100, Gemac), or a cocktail of
monoclonal anti-mouse glutamine synthetase (1:300, Chemicon, Temecula, CA) with D-serine
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or SR in 2% NDS plus 1% bovine serum albumin (BSA, Sigma) with 0.3% Triton X-100 at
4°C. Sections were rinsed and incubated for 2 hours at room temperature in Cy3-conjugated
donkey anti-rabbit IgG or anti-goat IgG (1:400) or FITC-conjugated anti-mouse IgG (1:400;
all from Jackson ImmunoResearch Laboratories, West Grove, PA). Immunofluorescence was
visualized with a confocal laser scanning microscope (Zeiss LSM-510; Thornwood, NY)
through a 25×, 0.9 NA objective. Image brightness and contrast were adjusted in Adobe
Photoshop 6.0.

Antibodies used in this study have been characterized previously in rodent retina by Western
blot and immunocytochemistry (Stevens et al., 2003; Dun et al., 2008). The specificity of D-
serine and SR antibodies was verified with preadsorption experiments. When polyclonal
antibodies to D-serine and SR were preadsorbed with D-serine or polypeptide antigen,
respectively (both from Gemac), no fluorescence was detected (Figure 7A3, B2, C3, D2). D-
serine immunoreactivity was unaffected by attempted preadsorption with L-serine (Figure
7A4, C4). Additionally, single or double labeling always was accompanied by negative control
experiments in which one or two primary antibodies were eliminated and then the one or two
appropriate secondary antibodies were applied in single or double labelings. In these cases,
only fluorescence specific for the remaining primary antibody was detected (data not shown).

Statistical analysis
Unless otherwise indicated, all data are expressed as mean ± SD; p values indicate paired or
unpaired t-tests, as appropriate (and noted), and p < 0.05 was considered significant.

Results
Light responses predict synaptic responses to puff application of CPPG and KA

Acute retinal slices permit physiological stimulation of the circuitry with light (Werblin,
1978), but interpreting pharmacological effects on light responses in the inner retina is
complicated by potentially confounding actions in the outer retina. To reduce this problem, we
bypassed photoreceptors by stimulating ON and OFF bipolar cells directly in acute slices of
rat and mouse retina with focal pressure (“puff”) application of exogenous agents in the outer
plexiform layer (OPL; Figure 1K). ON bipolar cells – rod bipolar cells (RBCs) and ON cone
bipolar cells (ON CBCs) – were depolarized by puff application of the group II/III mGluR
antagonist CPPG (600 μM, 240 ms) in the continuous presence of the group III mGluR agonist
L-AP4 (10 μM; Nawy, 2004; Chavez et al., 2006). OFF cone bipolar cells (OFF CBCs) were
depolarized by puff application of the AMPA/KA receptor (AMPAR/KAR) agonist KA (100
μM, 140 ms). Inhibitory neurotransmission and Nav channels were blocked in all experiments
(see Materials and Methods).

To confirm that synaptic responses in RGCs to CPPG and KA accurately represented the
relative contributions of ON and OFF synaptic inputs, sensitivity to light and puff stimulation
was compared within individual RGCs. EPSCs, recorded from RGCs under whole-cell voltage
clamp (Vhold = +40 mV), were evoked by full-field light stimuli (3 s, 103–104 photons/μm2/
s). Then, following addition of L-AP4 (10 μM) to the bath solution, EPSCs were elicited by
brief applications of CPPG and KA delivered to the OPL through a double-barreled pipette.
RGCs that responded strongly to the onset of a light stimulus, but not to its offset (“ON cells”),
responded to puff application of CPPG, but not KA (Figure 1A–C). Conversely, RGCs that
responded strongly to light offset, but not onset (“OFF cells”), responded to pressure
application of KA but not CPPG (Figure 1D–F). A third group of cells responded strongly to
both light onset and offset (“ON-OFF cells”) and also responded well to both CPPG and KA
(Figure 1G–I). CPPG and KA responses were reduced almost completely by the L-type voltage-
gated calcium (Cav) channel blocker isradipine (CPPG: charge transfer (QEPSC) reduced to 10
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± 10 % of control; n = 14; p = 0.002; KA: QEPSC reduced to 20 ± 3 % of control; n = 14; p =
0.0003; Figure 1), indicating that puff-evoked currents reflect primarily synaptic release from
bipolar cells, rather than direct activation of RGCs. Given the strong agreement between ON/
OFF light and CPPG/KA puff responsivity (Figure 1J), CPPG-evoked and KA-evoked synaptic
currents will be referred to here as “ON EPSCs” and “OFF EPSCs,” respectively.

ON and OFF EPSCs in RGCs are primarily NMDAR-mediated
During an evoked response, glutamate released from bipolar cells activates both AMPARs and
NMDARs on RGCs (Mittman et al., 1990; Matsui et al., 1998; Chen and Diamond, 2002).
More recent work suggests that transmitter release and NMDAR activation may be regulated
differently at ON and OFF RGC synapses (Sagdullaev et al., 2006). To compare NMDAR
EPSCs activated by ON and OFF inputs to RGCs, we recorded puff-evoked ON and OFF
EPSCs in RGCs (Figure 2). CPPG-evoked ON EPSCs (Vhold = +40 mV) were blocked almost
completely by the broad-spectrum NMDAR antagonist R,S-CPP (CPP, 10 μM; to 8 ± 6 % of
control at Vhold = +40 mV; n = 6; p = 0.01; Figure 2A). Accordingly, a plot of QEPSC versus
Vhold yielded a J-shaped relation indicating the voltage-dependent block of NMDAR channels
by external Mg2+ (Mayer et al., 1984; Nowak et al., 1984; Figure 2B). KA-evoked OFF EPSCs
also were outwardly-rectifying and blocked by CPP (to 5 ± 8 % of control at Vhold = +40 mV;
n = 5; p = 0.03; Figure 2C,D). In both cases, the small, CPP-insensitive component exhibited
a linear QEPSC-voltage relationship (Figure 2B,D), consistent with previous work showing that
the non-NMDAR component of the EPSC in RGCs is mediated by AMPARs (Lukasiewicz et
al., 1997; Chen and Diamond, 2002). Accordingly, the ON EPSC remaining in CPP was
blocked by NBQX (5 μM; data not shown). Similar effects of CPP were observed when EPSCs
were evoked by brief electrical stimulation (10 μA × 600 μsec) with an electrode placed in the
OPL (Figure 2E, F), indicating that the large fractional NMDAR component was not an artifact
of the puff stimulation. CPPG-evoked ON EPSCs recorded at −70 mV were enhanced by
cyclothiazide (50 μM), which blocks AMPAR desensitization, and were not significantly
affected by CPP, confirming that the NMDAR antagonist does not block AMPARs on RGCs
(Supplementary Figure 1). The predominant contribution of NMDARs to the QEPSC likely
reflects the approximately 50-fold longer open time of NMDAR channels. These kinetic
differences between AMPARs and NMDARs were evident in electrically evoked EPSCs
(Figure 2E) but were obscured during the prolonged, desynchronized release evoked by puff
stimulation.

Different NMDAR subtype combinations mediate ON and OFF EPSCs in RGCs
NR2 subunits determine several important properties of the NMDAR complex, including its
affinity for glutamate and glycine. For example, diheteromeric NMDARs containing NR2B
subunits exhibit a 10-fold higher affinity for glycine than those containing NR2A (Priestley et
al., 1995). NMDARs at ON and OFF RGC synapses are differentially sensitive to glycine
(Lukasiewicz and Roeder, 1995), suggesting that they may comprise distinct NMDAR
subtypes. To test this idea, we compared the reduction of ON and OFF EPSCs by Ro 25-6981
(3 μM), an NMDAR antagonist exhibiting up to 5000-fold selectivity for receptors containing
the NR2B subunit (Fischer et al., 1997). To permit within-cell comparisons, EPSCs were
recorded from ON-OFF RGCs that responded strongly to both CPPG and KA. CPPG and KA
puffs were delivered to the OPL in alternating sets of 5–10 stimuli in the absence and presence
of Ro 25-6981, which reduced ON EPSCs (to 49 ± 12 % of control; n = 6; p = 0.03; Figure
3A) but exerted no significant effect on OFF EPSCs (to 92 ± 14 % of control; n = 6; p=0.14;
Figure 3B). Within individual cells, ON responses were significantly more sensitive to
Ro25-6981 than were OFF responses (n = 6, p = 0.004; Figure 3C). Ro 25-6981 sensitivity in
ON or OFF RGCs (data not shown) was similar to that observed at the analogous input in ON-
OFF cells. Although the mechanism by which Ro 25-6981 acts on NMDARs is not completely
understood (Fischer, et al., 1997), our pharmacological results suggest that ON and OFF inputs
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to RGCs are mediated by distinct NMDAR subtypes: at ON inputs, a significant fraction of
NMDARs appear to contain at least one NR2B subunit, while NR2B NMDARs are largely
absent at OFF inputs.

The rod pathway contributes significantly to ON excitation of CBCs and RGCs
At bipolar cell ribbon synapses, the synaptic glutamate concentration during an evoked
response varies with release probability (Pr) (Singer et al., 2004). Consequently, modulation
of transmitter release would change the glutamate concentration waveform encountered by
postsynaptic receptors; because different NMDAR subtypes exhibit distinct affinities for
glutamate (Dingledine et al., 1999), this could alter the relative activation of different NMDAR
subtypes during the EPSC. To address this possibility at ON synapses, we took advantage of
the fact that CPPG puffs, in addition to stimulating ON CBCs directly, also recruit input to ON
CBC terminals from the rod pathway (Figure 1K). CPPG-evoked glutamate release from RBCs
activates AII amacrine cells (Chavez et al., 2006), which make Connexin36 (Cx36)-containing
gap junctions onto ON CBC terminals (Mills et al., 2001; Deans et al., 2002). Blocking
excitation of AII amacrine cells with NBQX (Singer and Diamond, 2003; Veruki et al.,
2003), then, should decrease transmitter release from ON CBCs onto RGCs. Accordingly,
NBQX (5 μM) reduced ON EPSCs in RGCs to 13 ± 11 % of control (n = 5; p=0.0006) (Figure
4A). The NBQX-sensitive EPSC was mediated primarily by NMDARs, as it exhibited an
outwardly rectifying QEPSC-voltage relation (Figure 4B). This effect was not due to direct
actions of NBQX on NMDARs, as NBQX did not affect responses in RGCs to exogenous
NMDA application (100 μM; 100 ± 21% of control; n = 5; p = 0.83; Figure 4C). Additionally,
NBQX did not act directly on mGluR6, as it did not affect CPPG-evoked responses in RBCs
(QEPSC: 92 ± 19 % of control; n = 7; p = 0.19; Figure 4D), which also express mGluR6 (Nomura
et al., 1994). NBQX did, however, reduce CPPG-evoked EPSCs in AII amacrine cells
(QEPSC: 22 ± 17 % of control; n = 5; p = 0.02; Figure 4E) and ON CBCs (to 24 ± 15 % of
control; n = 6; p = 0.009; Figure 4F). To confirm that the effects in ON CBCs reflected signal
transfer via Cx36 gap junctions between AIIs and ON CBCs, CPPG responses were recorded
in wild-type (WT) and Cx36 −/− mice (Deans et al., 2002). NBQX reduced CPPG responses
in ON CBCs from WT mice (to 44 ± 9 % of control; n = 5; p = 0.04; Figure 4G,K) but not
Cx36 −/− mice (79 ± 13 % of control; n = 4; p = 0.18; WT vs. Cx36−/−: p=0.006; Figure 4H,K).
NBQX reduced ON EPSCs in RGCs of WT mice (QEPSC: 34 ± 8 % of control; n = 5; p = 0.02;
Figure 4I,K) more than in Cx36−/− mice (QEPSC: 54 ± 12 % of control; n = 6; p = 0.007; WT
vs. Cx36−/−: p=0.01; Figure 4J,K). These results indicate that input from the rod pathway, via
AII amacrine cells, contributes significantly to depolarization of ON CBCs and, consequently,
ON EPSCs in RGCs.

Activation of ON pathway modulates occupancy of the NMDAR coagonist site
NBQX reduced ON EPSCs substantially even in Cx36−/− RGCs (Figure 4K), suggesting that
it may exert other effects within the network to reduce NMDAR activation. One possibility is
that NBQX-sensitive receptors drive other cells that release an NMDAR coagonist – either
glycine or D-serine – onto RGC NMDARs (Lukasiewicz and Roeder, 1995; Gustafson et al.,
2007). For example, both glycinergic amacrine cells and D-serine-containing Müller glial cells
express AMPAR/KARs (Peng et al., 1995; Chavez and Diamond, 2008), rendering them
sensitive to NBQX. To test this hypothesis, ON EPSCs were recorded from rat RGCs in the
absence and presence of saturating concentrations of D-serine (100 μM), a full agonist at the
NMDAR coagonist site that is not normally taken up by glycine transporters (Schell et al.,
1995) and does not activate strychnine-sensitive glycine receptors (Schmieden et al., 1993).
Under normal conditions D-serine did not enhance ON EPSCs (QEPSC: 103 ± 22 % of control;
n = 6; p = 0.70; Figure 5A), suggesting that NMDAR coagonist sites are saturated during ON
EPSCs. In contrast, ON EPSCs recorded in the presence of NBQX were enhanced by D-serine
(QEPSC: 253 ± 79 % of NBQX alone; n = 6; p = 0.03; Figure 5B), suggesting that NBQX leads
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to a reduction in coagonist site occupancy during EPSCs. Indeed, NBQX reduced the ON EPSC
less in the presence of D-serine (QEPSC: 61 ± 21 % of control; n = 6; p = 0.01; Figure 5C) than
in its absence (QEPSC: 13 ± 10% of control; n = 6; p = 0.009; p = 0.001 for absence vs. presence
of D-serine). D-serine (100 μM) did not alter CPPG-evoked EPSCs in AII amacrine cells
(QEPSC: 90 ± 8.5% of control, n = 4, P = 0.8; Supplementary Figure 1C), indicating that it
exerted no significant actions on the Ca-permeable AMPARs that mediate synaptic inputs to
AIIs (Singer and Diamond, 2003). These results suggest that CPPG stimulation of the ON
pathway typically evokes coagonist release sufficient to saturate NMDARs, but that blocking
AMPARs decreases coagonist release and relieves saturation of the NMDAR coagonist site.

Taken together, these results suggest that blocking AMPARs reduces NMDAR activation on
RGCs via two mechanisms: 1) by blocking activation of AIIs, thereby reducing ON CBC
depolarization and consequent glutamate release (Figure 4E-K); 2) by reducing release of an
NMDAR coagonist, either glycine or D-serine (Figure 5A,B). Accordingly, NBQX applied in
the presence of D-serine reduced the ON EPSC in WT mice but exerted no significant effect
on ON EPSCs in Cx36 −/− mice (Figure 5D,E).

Although evoked release appears to saturate the NMDAR coagonist sites (Figure 5A), it is
unclear whether the sites are also saturated by ambient levels of coagonist (Vyklicky et al.,
1990; Wilcox et al., 1996). To address this issue at ON synapses, we measured the effects of
exogenous, saturating concentrations of NMDA and D-serine on holding currents and ON
EPSCs in RGCs. Bath application of NMDA (100 μM) increased the holding current (to 229
± 41% of control; n = 5; p = 0.002; Figure 5F) and decreased the evoked ON EPSC (to 39 ±
24 % of control; n = 5; p = 0.02). Similar effects were observed with 300 μM NMDA (data not
shown), indicating that 100 μM NMDA was sufficient to saturate NMDARs. Subsequent
addition of saturating D-serine (100 μM) further increased the holding current (to 303 ± 74%
of control; n = 5; p = 0.02; Figure 5F) and decreased the ON EPSC (to 9 ± 7 % of control; n =
5; p = 0.01). The existence of an ON EPSC in the presence of NMDA that is occluded by D-
serine confirms that CPPG evokes release of NMDAR coagonist and indicates that NMDARs
at ON synapses are not saturated by ambient levels of coagonist.

Coagonist-site occupancy controls NMDAR subtype contribution to ON EPSCs
The above results demonstrate that NMDAR activation during the ON EPSC is regulated by
occupancy of the coagonist site. Because NMDARs containing NR2A versus NR2B subunits
have different affinities for glycine (Priestley et al., 1995), changes in coagonist release could
modulate the relative contributions of these receptor subtypes. To test this hypothesis, we
determined whether changing the amount of available coagonist alters the fractional
contribution of NR2B-containing NMDARs to the ON EPSC. In control conditions (i.e., in the
absence of NBQX or D-serine), the NR2B antagonist Ro25-6981 reduced the NMDAR
component of ON EPSCs (to 59 ± 10 %; n = 6; p = 0.003; Figure 6A, F), consistent with our
previous results in ON-OFF cells (Figure 3). The continuous presence of saturating D-serine
did not change the fractional contribution of NR2B-containing receptors (QEPSC remaining in
Ro25-6981 = 57 ± 18 % of QEPSC in D-serine; n=6; p=0.005; p=0.84 vs. control; Figure 6B,
F), consistent with our earlier finding that evoked coagonist release saturates all NMDARs
(Figure 5A). In the presence of NBQX, which reduces coagonist release (Figure 5), the block
by Ro25-6981 was significantly enhanced (QEPSC remaining in Ro25-6981 = 26 ± 11% of
QEPSC in NBQX; n = 6; p = 0.02; p = 0.0003 vs. control; Figure 6C, F). This was due to a
reduction in coagonist site occupancy, because in the continuous presence of both D-serine
and NBQX, the block by Ro25-6981 was similar to that in control conditions (to 57 ± 27 % of
QEPSC in D-serine + NBQX; n = 7; p = 0.03; p = 0.93 vs. control; Figure 6D, F). These results
indicate that reducing coagonist release from an AMPAR-driven cell (or cells) limits the
activation of non-NR2B NMDARs in favor of higher-affinity, NR2B-containing subtypes.
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NMDARs are not necessarily saturated by synaptically released glutamate (Mainen et al.,
1999; McAllister and Stevens, 2000; Ishikawa et al., 2002; Pankratov and Krishtal, 2003). It
is possible, therefore, that modulating glutamate release from ON CBCs could alter the relative
activation of different NMDARs independently of coagonist binding. As mentioned above,
because a single ribbon can release multiple vesicles within a millisecond, the peak glutamate
concentration sensed by receptors opposing the ribbon synapses of bipolar cells varies with
Pr (Singer et al., 2004). If the activation of relatively low-affinity (i.e., non-NR2B) NMDARs
at ON inputs to RGCs is particularly limited by the synaptic glutamate concentration, then
decreasing PR may increase the fractional block of the EPSC by an NR2B-specific antagonist.
To test this hypothesis, ON EPSCs were evoked in the presence of saturating D-serine – to
negate possible effects of changing PR on coagonist release – and NBQX. Under these
conditions, reducing external Ca2+ from 2.5 mM to 1.0 mM significantly decreased the ON
EPSC (to 61 ± 19%; n=7; p=0.02), but the degree of block by Ro25-6981 was unchanged (2.5
mM Ca: Ro reduced QEPSC to 60 ± 22% of control, n = 7; p = 0.02; 1.0 mM Ca: Ro reduced
QEPSC to 63 ± 23%, n = 7, p = 0.02; Ro block in 2.5 vs. 1.0 mM Ca: p = 0.57 [paired]; Figure
6E). This result suggests that modulation of coagonist release, but not glutamate release, affects
relative NMDAR subunit contributions to CPPG-evoked EPSCs.

Endogenous D-serine contributes to ambient occupancy of the coagonist site
The data presented thus far indicate that evoked coagonist release contributes to NMDAR
activation during ON EPSCs. Is the coagonist glycine, D-serine, or some combination of the
two? Glycine is an obvious candidate, because half the amacrine cells in the inner retina use
glycine as their primary neurotransmitter (MacNeil and Masland, 1998; Menger et al., 1998).
On the other hand, recent reports suggest that D-serine acts as an endogenous coagonist for
NMDARs in several regions of the CNS, including the retina (Martina et al., 2003; Panatier et
al., 2006; Gustafson et al., 2007), where Müller glial cells express D-serine and its synthetic
enzyme, serine racemase (Stevens et al., 2003). (D-serine expression in RGCs, evident in
newborn mice, is significantly diminished by the third postnatal week; Dun et al., 2008.) We
also detected immunoreactivity for both D-serine and serine racemase in P17 and P21 rat retina
(Figure 7A-D). Co-localization of D-serine with glutamine synthetase, a Müller cell marker
(Riepe and Norenburg, 1977), was particularly strong at P22 (Figure 7C2), but neuronal
expression of D-serine and serine racemase was evident at both ages.

To evaluate whether D-serine contributes to NMDAR activation at ON inputs, we tested the
effects of D-amino acid oxidase (DAAO; 100 μg/mL), an enzyme that degrades D-serine but
not glycine (Dixon and Kleppe, 1965; Molla et al., 2006), on CPPG-evoked ON EPSCs.
Perfusion with DAAO for a minimum of 20 minutes decreased ON EPSCs (to 72 ± 10% of
control; n = 6; p = 0.02; Figure 7E). This reduction could reflect a decrease in the amount of
ambient coagonist and/or a decrease in evoked coagonist release during the EPSC. To
distinguish these two possibilities, we tested the effects of DAAO on ON EPSCs in the
continuous presence of NMDA (Figure 7F). DAAO reduced the steady state holding current
at +40 mV (from 335 ± 153 pA to 201 ± 98 pA; n = 6; p = 0.01) but had no effect on the
amplitude of the evoked ON EPSC (110 ± 90% of NMDA alone; n = 6; p = 0.69). Although
effects of DAAO on the evoked response could be diminished due to saturation of the coagonist
site by evoked release of glycine or incomplete elimination of D-serine, these results suggest
that D-serine contributes more to ambient coagonist site occupancy rather than activation
during an evoked response.

To test this idea further, we examined the effects of DAAO on the NMDAR subunit
contribution to the ON EPSC. Experiments shown in Figure 6 indicated that NBQX changes
the relative contribution of NR2B NMDARs to the ON EPSC by modulating coagonist
occupancy: NR2B NMDARs mediated a larger fraction of the EPSC when coagonist release
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was reduced, an effect that was reversed with the addition of saturating coagonist (Figure 6C,
D, F). These results suggest that NR2B NMDARs have a different (higher) affinity for released
coagonist than other NMDARs. In functional studies comparing coagonist affinity in
recombinant diheteromeric NR1/NR2A and NR1/NR2B NMDARs, NR2B NMDARs
exhibited a ten-fold higher affinity for glycine than did NR2A NMDARs, while affinity for D-
serine was similar between the two subtypes (Priestley et al., 1995). Consistently, in the
presence of DAAO, the NR2B antagonist Ro 25-6981 blocked the ON EPSC to a similar extent
(QEPSC reduced to 49 ± 17% of control; n = 6; p = 0.03) as in the absence of DAAO (QEPSC
reduced to 59 ± 10 %; n = 6; p = 0.003; Ro effect with vs. without DAAO: p = 0.23; Figure
7G). Thus, a reduction in D-serine release alone cannot explain the effects of NBQX on
coagonist site occupancy. These results suggest that D-serine and glycine play complementary
roles in contributing to NMDAR activation in RGCs.

Discussion
The results presented here provide several new pieces of information about synaptic activation
of NMDARs on RGCs in the retina. ON inputs to RGCs utilize NMDARs exhibiting NR2B-
like pharmacology to a much greater extent than do OFF inputs (Figure 3). Moreover, synaptic
activation of the retinal circuitry evokes the release of NMDAR coagonist (Figure 5), which
contributes to receptor activation during ON EPSCs and, in fact, modulates the relative
contribution of different NMDAR subtypes (Figure 6). Our results suggest that both D-serine
and glycine act as endogenous NMDAR coagonists on RGCs (Figure 7), a hybrid arrangement
reflecting the prominence of both transmitters in the retinal circuitry (Figure 8).

In this study, ON and OFF pathways were selectively activated by puff application of CPPG
and KA to the OPL. Sensitivity to this exogenous stimulation was tightly correlated to light
responsivity (Figure 1). Notably, within-cell comparisons of responses to puff and light
stimulation indicated that, at least in juvenile (P17-23) rats, a functional continuum exists
between “ON,” “ON-OFF,” and “OFF” RGCs (Figure 1J). This may reflect ongoing activity-
dependent developmental pruning of RGC dendrites that gradually reduces the fraction of ON-
OFF RGCs through the end of the fourth postnatal week (Tian and Copenhagen, 2003).

ON and OFF inputs to RGCs activate distinct NMDAR subtypes
NMDARs mediate synaptic input to RGCs in every species studied to date (Mittman et al.,
1990; Matsui et al., 1998; Chen and Diamond, 2002; Sagdullaev et al., 2006), but specific
functions for NMDARs, or roles for different NMDAR subtypes in RGC signaling, have not
been identified. Here we show in rat RGCs that ON and OFF inputs utilize distinct NMDAR
subunit combinations (Figure 8), analogous to recent results in other CNS neurons that receive
inputs from multiple, functionally distinct pathways. For example, CA1 pyramidal neurons in
the hippocampus receive perforant path input via synapses that contain a larger fraction of
NR2B NMDARs than those mediating Schaffer collateral input (Kawakami et al., 2003;
Arrigoni and Greene, 2004). In neocortical pyramidal cells, the comparatively slow kinetics
of NR2B NMDARs underlies input-specific differences in EPSP integration (Kumar and
Huguenard, 2003). In the retina, specific physiological roles for particular NMDAR subtypes
in the ON and OFF pathways remain to be determined, but our results contribute to an emerging
pattern of asymmetries in the ON and OFF inputs to RGCs (Chichilnisky and Kalmar, 2002;
Sagdullaev et al., 2006). One possibility is that the differential expression of low- and high-
affinity subtypes may offset pathway-specific differences in synaptic availability of coagonist
to maintain similar levels of NMDAR activation at ON and OFF inputs. Activation of non-
NR2B NMDARs, which have relatively low affinity for glycine (Priestley et al., 1995), may
require higher glycine levels that may exist in the OFF sublamina, where AII amacrine cells
release glycine directly onto OFF bipolar cell terminals (Kolb, 1979), while higher-affinity
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NR2B NMDARs predominate in the ON layers of the IPL, where glycinergic inputs are more
scarce (Pow and Hendrickson, 2000).

Another possibility is that distinct expression of different NR2 subunits reflects either a cause
or a consequence of the developmental segregation of the ON and OFF sublamina (Tian and
Copenhagen, 2003). In other parts of the CNS, the appearance of particular NR2 subunits
correlates with distinct developmental stages. For example, synapses in the neonatal
hippocampus express primarily NR2B-containing receptors, until NR2A-containing receptors
appear during the second postnatal week (Monyer et al., 1994; Kutsuwada et al., 1996), when
they are incorporated into the postsynaptic density, possibly as a necessary step in activity-
dependent synaptic maturation (Bellone and Nicoll, 2007). Additionally, distinct NMDAR
subtype expression may trigger differences in dendritic branching density, analogous to a
recent report in developing Xenopus tectal neurons (Ewald et al., 2008). Expansive
developmental studies of NR2 subunit expression, physiological activation and dendritic
modeling in RGCs are required to address whether the onset or cessation of expression of
particular NMDAR subtypes in RGCs contributes to dendritic segregation between, and
branching within, functional layers of the IPL. Finally, it should be noted that, because the
mechanism by which NR2B-selective antagonists Ro 25-6981 and ifenprodil act on NMDARs
is incompletely understood (Fischer, et al., 1997), immunoelectron microscopy will be required
to confirm the existence of NR2B-containing receptors at ON synapses (Zhang and Diamond,
in preparation).

Coagonist release from within the retinal circuitry modulates NMDAR activation
When it was first discovered that NMDAR activation required a coagonist in addition to
glutamate, the coagonist was presumed to be glycine (Johnson and Ascher, 1987). Given the
paucity of glycinergic transmission in most forebrain regions, it was generally assumed that
the coagonist site was bound by ambient glycine, which is present in cerebrospinal fluid at
concentrations several times higher than its EC50 at the coagonist site (Ferraro and Hare,
1985; Johnson and Ascher, 1987). Accordingly, the coagonist site generally was thought to be
saturated (Llano et al., 1988; Bashir et al., 1990; Mothet et al., 2000), despite several
counterexamples (e.g., Forsythe et al., 1988; Thomson et al., 1989; D’Angelo et al., 1990;
Lester et al., 1993). Previous work in salamander retina suggested that glycine released from
amacrine cells can reach NMDARs on RGCs (Lukasiewicz and Roeder, 1995), but the issue
of ambient saturation was not addressed. Here, we isolated synaptic activation of the NMDAR
coagonist site by eliciting EPSCs in the presence of saturating concentrations of NMDA (Figure
5I). The EPSCs evoked under these conditions, therefore, reflect synaptic release of coagonist
and successful activation of the coagonist site. This is consistent with previous work showing
that coagonist released from within the retinal network contributes to NMDAR activation on
RGCs (Lukasiewicz and Roeder, 1995; Stevens et al., 2003; Gustafson et al., 2007), and it
represents the first direct demonstration that synaptic stimulation elicits coagonist release to
activate NMDARs.

In this decade, D-serine has emerged as a likely endogenous NMDAR coagonist in several
brain regions (Mothet et al., 2000; Panatier et al., 2006), including the retina (Stevens et al.,
2003; Gustafson et al., 2007). D-serine and its synthetic enzyme, serine racemase, are found
in glial cells in the hippocampus, supraoptic nucleus and retina (Mothet et al., 2000; Stevens
et al., 2003; Panatier et al., 2006). Although D-serine and serine racemase expression in the
rodent retina decreases during development (Dun et al., 2008), functional expression is still
evident in adult rat retina (Stevens et al., 2003), and it was clearly present at the ages studied
here (Figure 7). In the supraoptic nucleus, physiological modulation of the physical
juxtaposition of synapses and surrounding glial processes, which release D-serine, regulates
NMDAR activation and synaptic plasticity (Panatier et al., 2006). Interestingly, in that case,
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modulating the effective synaptic concentration of D-serine affected NMDAR EPSC amplitude
without changing the relative contribution of NR2B and non-NR2B NMDARs, both of which
were activated by synaptic stimulation (Panatier et al., 2006). This is consistent with
pharmacological studies of recombinant NMDARs in a heterologous expression system
indicating that NR2B and NR2A NMDARs exhibit similar affinity for D-serine (Priestley et
al., 1995). In contrast, NR2B NMDARs exhibit a ten-fold higher affinity for glycine compared
to NR2A NMDARs (Priestley et al., 1995). Our observation that reducing coagonist release
favors activation of NR2B NMDARs (Figure 6) argues, then, that synaptically released glycine
activates NMDARs in the ON pathway. Our results also indicate, however, that D-serine
contributes to NMDAR activation, as reported in salamander retina (Stevens et al., 2003;
Gustafson et al., 2007). Our observation that D-serine degradation decreases ambient NMDAR
activation without affecting evoked responses (Figure 7) is consistent with a scenario in which
D-serine released from Müller glia, perhaps in a diffuse fashion characteristic of many
modulatory neurotransmitters, contributes to ambient, submaximal occupancy of the coagonist
site, while the transient, synaptic release of glycine from amacrine cells contributes to NMDAR
activation during EPSCs (Figure 8). These contrasting roles may reflect, in part, the avid uptake
of glycine in the retinal circuitry (Pow and Hendrickson, 2000), which may cause glycine to
be more tightly regulated than D-serine and limit its action to evoked synaptic events. An
interesting, unresolved question concerns whether amacrine cells release glycine at excitatory
synapses, or if NMDARs are activated by glycine spillover from nearby inhibitory synapses,
as in the spinal cord (Ahmadi et al., 2003).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
EPSCs elicited by light and pharmacological stimulation of ON and OFF bipolar cells. A–I,
responses from three different RGCs elicited by three kinds of stimulation: a 3-s, full-field light
stimulus at an intensity of 103–104 photons/μm2/s (A, D, G); pressure application of CPPG
(600 μM, 240 ms) in the OPL (B, E, H); and pressure application of KA (100 μM, 140 ms) in
the OPL (C, F, I). Responses were recorded from ON (A–C), OFF (D–F), and ON-OFF (G–
I) RGCs. Puff-evoked responses were blocked by the L-type Cav channel antagonist isradipine
(10 μM, gray traces), indicating that they required synaptic transmission. Vhold = +40 mV for
all EPSCs. J, correlation between light responses (X axis) and puff responses (Y axis). EPSCs
charge transfer (QEPSC) was calculated for 3-s windows following light onset and light offset
and from the time of CPPG or KA puff stimulation until the EPSC amplitude returned to 5%
of its peak value. x values represent ON light-evoked QEPSC as a fraction of total (ON + OFF)
light-evoked QEPSC, while y values represent CPPG QEPSC as a fraction of total (CPPG + KA)
QEPSC. Filled symbols denote individual cells (n=14), solid line shows linear regression and
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dashed line represents unity. K, Schematic of retinal circuit showing parallel ON and OFF
pathways activated by CPPG and KA, respectively.
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Figure 2.
RGC EPSCs are mediated primarily by NMDARs. A, CPPG-evoked (“ON”) EPSCs recorded
from RGCs (Vhold = +40 mV) are blocked almost completely by the NMDAR antagonist R,S-
CPP (10 μM, gray trace). B, ON EPSCs exhibited the J-shaped charge-voltage relationship
that is characteristic of NMDARs; the small, CPP-insensitive component exhibited an ohmic
(linear) conductance (gray symbols). For each cell, data points were normalized to the control
QEPSC recorded at +40 mV. C–D, As in A and B, but EPSCs were elicited by KA. E, electrically-
evoked EPSCs were recorded from the same cells as shown in C. F, Fraction of QEPSC
remaining in the presence of CPP compared across stimulation modalities (KA puff, CPPG
puff, electrical stimulation). n values are indicated in parentheses.
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Figure 3.
CPPG-evoked ON EPSCs and KA-evoked OFF EPSCs recorded from ON-OFF RGCs. A and
B, CPPG-evoked (A) and KA-evoked (B) EPSCs (Vhold = +40 mV) recorded from the same
cell in the absence and presence of the NR2B NMDAR antagonist Ro 25-6981 (3 μM). C,
correlation between the fraction of ON and OFF QEPSC remaining in the presence of Ro
25-6981. Closed marker represents average ± SD (n=6); open markers represent data from
individual cells. Dashed line indicates equal inhibition of ON and OFF EPSCs. Ro25-6981
reduced the ON component of the EPSCs more than the OFF component (p= 0.004, paired t
test).
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Figure 4.
NBQX reduces NMDAR EPSCs by blocking input from the rod pathway. A, CPPG-evoked
EPSCs were reduced by NBQX (5 μM). B, the NBQX-sensitive component of the EPSC
exhibited a J-shaped voltage dependence, indicating that it was mediated primarily by
NMDARs. C, NBQX does not block NMDARs, as it did not affect responses in RGCs to
exogenous NMDA (100 μM; Vhold = +40 mV). D, NBQX did not effect CPPG responses in
RBCs, indicating that it did not act on mGluR6. E, NBQX blocked CPPG-evoked EPSCs in
AII amacrine cells. F, NBQX strongly reduced CPPG responses in ON CBCs. G, As in F, but
in a wild-type (WT) mouse ON CBC. H, NBQX did not affect CPPG responses in ON CBCs
from Cx36 −/− mice. I, NBQX reduced CPPG-evoked EPSCs in RGCs from WT mice. J,

Kalbaugh et al. Page 19

J Neurosci. Author manuscript; available in PMC 2009 August 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



NBQX also reduced CPPG-evoked EPSCs in Cx36 −/− mice, but to a lesser extent than in WT.
K, Summarized effects of NBQX on CPPG-evoked responses in ON CBCs and RGCs. n values
are indicated in parentheses.
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Figure 5.
Synaptic release of coagonist contributes to NMDAR activation. A, D-serine (100 μM) did not
affect CPPG-evoked EPSCs, indicating that the NMDAR coagonist site is saturated during
evoked responses. B, D-serine potentiates the EPSC in the presence of NBQX, indicating that
NBQX relieves saturation of the coagonist site. C, NBQX’s reduction of CPPG-evoked EPSCs
was less in the presence of D-serine. D, NBQX reduced EPSCs in WT mice in the presence of
D-serine. E, NBQX exerted no effect on EPSCs in the presence of D-serine in Cx36 −/− mice.
F, Addition of NMDA (100 μM, red trace) to the superfusion solution increased the holding
current and reduced CPPG-evoked EPSC amplitude (Vhold = +40 mV). Subsequent addition
of D-serine (100 μM, blue trace) further increased the holding current and eliminated the EPSC.
NMDA and D-serine washed out (gray trace). Dashed line indicates zero holding current.
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Figure 6.
Synaptic release of coagonist modulates relative contribution of different NMDAR subtypes
to the EPSC. Vhold = +40 mV in all experiments. A, CPPG-evoked EPSCs were reduced by
the NR2B NMDAR antagonist Ro 25-6981 (3 μM). B, Ro 25-6981 exerted similar effects in
the presence of D-serine (100 μM). C, In the presence of NBQX, Ro 25-6981 blocked a larger
fraction of the CPPG-evoked EPSC. D, The increased effect of Ro 25-6981 was eliminated in
the presence of the NMDAR coagonist D-serine. E, Ro25-6981 reduced CPPG-evoked EPSCs
to similar extents in 2.5 mM and 1.0 mM Ca2+

o. Recordings are from the same cell in the
continuous presence of 5 μM NBQX and 100 μM D-serine. F, Effects of Ro 25-6981 on EPSCs
under different pharmacological conditions. n values are indicated in parentheses.
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Figure 7.
D-serine and glycine play complementary roles in activating NMDARs. A, Immunoreactivity
(IR) for D-serine (DS) in P17 rat retina. DS IR was evident in the inner plexiform layer (IPL),
the ganglion cell layer (GCL), the inner nuclear layer (INL) and the outer plexiform layer (OPL;
A1) and was colocalized with glutamine synthetase (GS), a Müller cell marker (A2). ELM:
external limiting membrane; ILM: internal limiting membrane. DS IR was eliminated by
preadsorption of DS (A3) but not L-serine (A4). B, Serine racemase (SR) IR in P17 rat retina.
SR IR was evident primarily in the INL and GCL (B1), but no SR IR was detected following
preadsorption with SR antigen peptide (B2). C, As in A but in P22 retina. DS IR was weaker
in the IPL and stronger in the ELM and ILM compared with P17. D, As in B but in P22 retina.
Scale bar in A1(50 μm) applies to all panels in A-D. E, Degradation of D-serine with DAAO
(100 μg/mL) reduced CPPG-evoked EPSCs. F, Exogenous NMDA increased holding current
and decreased CPPG-evoked EPSCs (red trace, Vhold = +40 mV). In the presence of NMDA,
DAAO reduced the holding current but not the EPSC (blue trace). Both NMDA and DAAO
washed out (gray trace). Dashed line indicates zero holding current. G, Ro 25-6981 reduced
CPPG-evoked EPSCs in the presence of DAAO.
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Figure 8.
Multiple NMDARs and coagonists in the inner retina. Simplified schematic illustrating distinct
NMDAR subtypes at ON and OFF synapses onto RGCs (GC). ON synapses contain NR2B
and non-NR2B NMDARs, and OFF synapses express primarily non-NR2B NMDARs (see
Figure 3). D-serine (gray), perhaps released diffusely from Müller glial cells, may contribute
primarily to ambient coagonist site occupancy. Glycine (violet), likely released from amacrine
cells, may increase coagonist site occupancy during evoked responses.
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