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Spatial Organization of AMPAR Subtypes in ON RGCs
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Retinal ganglion cells (RGCs) receive glutamatergic input from bipolar cells through NMDA- and AMPA-type glutamate receptors. Both
GluA2-containing, Ca 2�-impermeable AMPA receptors (CI-AMPARs) and GluA2-lacking, Ca 2�-permeable AMPA receptors (CP-
AMPARs) contribute to light-evoked responses in ON RGCs; however, specific roles for each subtype are not well understood. Here, we
present evidence that light intensity determines the subtype of AMPAR that is activated during the synaptic response in ON RGCs. Using
current voltage analysis of the EPSC we show that light intensities near RGC threshold, intensities that travel through the well described
primary rod pathway, evoke synaptic currents that are preferentially mediated by CP-AMPARs. Synaptic responses evoked by sponta-
neous release of transmitter from bipolar cell terminals also preferentially activate CP-AMPARs. Conversely, higher light intensities,
most likely carried by secondary rod pathways, activate CI-AMPARs. The same pattern of CP-AMPAR and CI-AMPAR activation was
observed in mice containing only functional rods, suggesting that the recruitment of CI-AMPARs at higher light intensity does not require
cone stimulation. When glutamate spillover was induced by blocking transporters with TBOA, both the near threshold and spontaneous
EPSCs contained a significant CI-AMPAR component. We propose that CI-AMPARs are activated by “spillover” of synaptic glutamate
only during bright illumination, or when glutamate uptake is blocked. Glutamate may spill over to more distant sites at the same synapse,
or perhaps as far as neighboring synapses. Together, our data suggest that the spatial organization of AMPARs at ON RGCs synapses
allows for selective, intensity-dependent activation of AMPARs with distinct subunit composition.

Introduction
In the mammalian retina, there are at least two circuits that convey
rod input to ganglion cells. In one, the primary pathway, rods syn-
apse onto a type of ON bipolar cell called the rod bipolar cell, which
in turn makes a synapse onto the AII amacrine cell (Kolb and Fa-
miglietti, 1974; Strettoi et al., 1990; Mills and Massey, 1995). A gap
junction connects the AII amacrine cell with the presynaptic termi-
nal of cone-driven ON bipolar cells, providing for the entry of rod
signals into the cone pathway. In the secondary pathway, rod signals
are passed into the cones via a gap junction, and are then conveyed to
ganglion cells, much in the same way that input originating from
cone phototransduction would be conveyed (Smith et al., 1986). ON
cone bipolar cells in turn contact ON-type retinal ganglion cells (ON
RGCs) (Wässle and Boycott, 1991). This synapse is the final com-
mon pathway for both rod and cone signals to ON RGCs (Kolb and
Famiglietti, 1974). It is thought that the primary rod pathway carries
signals near rod threshold, while the secondary pathway is activated
at higher, mesopic light intensities.

Postsynaptic to ON cone bipolar cells, ON RGC glutamate
receptors are segregated such that AMPA receptors (AMPARs)

are flanked by perisynaptic NMDA receptors (NMDARs) (Sag-
dullaev et al., 2006; Zhang and Diamond, 2006, 2009). Both
Ca 2�-permeable, GluA2-lacking AMPARs (CP-AMPARs), and
Ca 2�-impermeable, GluA2-containing AMPARs (CI-AMPARs)
are expressed at this synapse (Peng et al., 1995; Qin and Pourcho,
1996, 1999; Grünert et al., 2002; Lin et al., 2002; Xia et al., 2006,
2007; Zhang and Diamond, 2006; Jones et al., 2012). Further-
more, activation of perisynaptic NMDARs either by light or
chemically induced ON bipolar cell depolarization, triggers a CI-
AMPAR to CP-AMPAR switch at this synapse (Jones et al., 2012).

Here we examine the contribution of CI-AMPARs and CP-
AMPARs to ON RGC light responses and uncover a distinct di-
vision of labor between the two classes of AMPARs. Signals
carried by the primary rod pathway evoke EPSCs generated pri-
marily by CP-AMPAR activation. This was also true for sponta-
neous EPSCs (sEPSCs). On the other hand, signals carried by
mesopic light, most likely through the secondary pathway, acti-
vated predominantly CI-AMPARs. As the primary and secondary
rod pathways have been proposed to converge at the ON cone
bipolar-ON RGC synapses, our data suggest a spatial segregation
of AMPARs. To account for this segregation, we propose two
models. In the first, both forms of AMPAR are expressed at all
synapses, but CP-AMPARs are positioned closer to the site of
transmitter release. In the second model, CP-AMPAR and CI-
AMPARs are expressed at separate synapses, mediating input
from the primary and secondary rod pathway, respectively.

Materials and Methods
Whole-mount preparation. General aspects of these procedures have been
described in detail previously (Jones et al., 2012). All procedures were in
accordance with the animal care guidelines for Albert Einstein College of
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Medicine. Four- to six-week-old C57BL/6 (Charles River) and 8-week-
old Gnat2 (cpfl3) mice (The Jackson Laboratory) of both sexes were used
in this study. Mice were dark adapted for 1 h before anesthetizing with
isoflurane (Sigma-Aldrich) and cervical dislocation. Dissection was per-
formed under dim red light and retinas were bathed in oxygenated (95%
O2 and 5% CO2) Ames media (Sigma-Aldrich) at room temperature.
Eyes were enucleated and whole retinas were removed, cut in half, and
flat mounted ganglion cell layer up onto acetate/nitrate membrane filter
paper (Millipore) with a 1.5 mm hole in the center to allow light to pass
through. In the recording chamber retina pieces were superfused with
oxygenated Ames at a rate of 4 – 6 ml/min.

Electrophysiology. The retina was viewed on a video monitor using
infrared illumination and a CCD camera (COHU Electronics) mounted
to a Zeiss Axioskop microscope equipped with a water-immersion 40�
objective. � ON RGCs were targeted for patch-clamp recordings using
established criteria (Dunn et al., 2006). Pipettes (tip resistance 3–5 M�;
World Precision Instruments) were filled with a cesium gluconate solu-
tion containing the following (in mM): 123 Cs gluconate, 8 NaCl, 1 CaCl2,
10 EGTA, 10 HEPES, 10 glucose, 5 ATP, 0.4 GTP, and 100 –500 �M

spermine (pH 7.3; 290 mOsm). To isolate the AMPAR-mediated EPSC,
strychnine (1 �M), TPMPA (50 �M), picrotoxin (50 �M), tetrodotoxin
(0.1 �M), and either (RS)-CPP (20 �M) or D-AP5 (50 �M) were added to
Ames media. In some experiments philanthotoxin (PhTX, 5 �M) was also
included. All chemicals were purchased from Sigma-Aldrich or Tocris
Bioscience. Cells were voltage clamped at �60 mV. Holding potentials
were corrected for a �10 mV junction potential, but series resistance,
typically measuring 8 –20 M�, was not compensated for. Recordings
were discarded if series resistance was �20 M�.

Light stimulation. Light stimulation was provided by a 20 W halogen
lamp focused through a 40� objective. An interference filter (peak trans-
mittance at 500 nm) and neutral density filters were inserted in the light
path to control the intensity and wavelength of light stimulation, and a
shutter (Uniblitz; Vincent Associates) was used to control the duration of
the stimulation, typically 10 ms. The intensity of the unattenuated light
flash was measured to be 4.9 � 10 4 R*/rod at 500 nm, assuming a col-
lecting area of 0.5 �M per rod (Field and Rieke, 2002).

Analysis. Recordings were obtained with an Axopatch 1D using
AxoGraph acquisition software and digitized with an ITC-18 inter-
face (Heka Instruments). Analysis was performed using AxoGraph X
and KaleidaGraph (Synergy Software) software. To measure the
AMPAR rectification index (RI) we first recorded the I–V relationship
of the AMPA-mediated light response to a 10 ms light flash at the
indicated light intensity at holding potentials of �60, 0, and �40 mV.
The RI was calculated as the ratio of the measured and predicted EPSC
amplitude at �40 mV such that 1.0 represents the absence of rectifi-
cation. The predicted EPSC amplitude was obtained from linear ex-
trapolation of the I–V slope between �60 and 0 mV. Statistical
significance was determined using paired Student’s t test. Error bars
indicate the SEM and all values are expressed as mean � SEM.

Results
Light-evoked EPSCs reveal spatial organization of
AMPAR subtypes
Our lab has previously reported that ON RGCs express CP-
AMPARs and CI-AMPARs, and that both receptor types mediate
light-evoked EPSCs (Xia et al., 2006, 2007; Jones et al., 2012). How-
ever, it is not known if both types of AMPARs are activated at all light
intensities, or whether selective AMPAR activation can be achieved.
We added to the recording solution the polyamine spermine
(100–500 �M), an intracellular blocker of CP-AMPARs at positive
membrane voltages (Dingledine et al., 1999). CP-AMPAR I–V rela-
tionships are characteristically inwardly rectifying due to spermine
block, allowing us to determine the contribution of CP-AMPARs
versus CI-AMPARs to the light response in recorded RGCs.

We began by characterizing EPSCs evoked by light intensities
near RGC threshold, ranging from 0.01 to 0.1R*/rod as in previ-
ous studies (Deans et al., 2002; Völgyi et al., 2004; Dunn et al.,

2006; Wang et al., 2011). EPSCs at this light intensity rectified
strongly as shown by the raw data and the corresponding I–V
relationship (Fig. 1A), and by the group data (Fig. 1D). The
strong rectification in the presence of intracellular spermine in-
dicates that EPSCs evoked by dim light flashes are carried princi-
pally by CP-AMPARs. When the light intensity was increased
10-fold to 0.5–1.0 R*/rod, the resulting EPSC displayed signifi-
cantly less rectification (Fig. 1B). To quantify this light-
dependent change in rectification, we expressed the I–V
relationship at each light intensity as an RI (see Materials and
Methods). The RI of the flash response was 0.15 � 0.3 at thresh-
old, and increased to 0.45 � 0.04 at an intensity of 0.5–1.0 R*/rod
(Fig. 1C; n � 14; p 	 0.001 for threshold vs 1 R*/rod). At inten-
sities ranging from 50 to 500 R*/rod, the RI increased further to
0.71 � 0.04, a highly significant change compared with both
threshold and mesopic light intensities (p 	 0.001 for threshold
vs 50 –500 R*/rod, p 	 0.01 for 1 R* vs 50 –500 R*/rod).

It is widely accepted that the primary rod pathway mediated
by the RBC and AII amacrine cell selectively carries signals near
threshold. The sensitivity of the secondary pathway is less clear,
but is thought to be approximately 1 log unit less sensitive than
the primary pathway (Deans et al., 2002; Völgyi et al., 2004). We
exploited the fact that AII amacrine cells express primarily CP-
AMPARs postsynaptic to RBCs, and blocked this pathway with
the CP-AMPAR antagonist PhTX. At RGC threshold, the light
response was almost completely blocked in the presence of PhTX
(Fig. 1F; 6.2 � 2.3% of control, n � 6). This is expected, as
CP-AMPARs are expressed on both AII amacrine cells and, as
shown above, postsynaptically on RGCs. However, at a light in-
tensity of 0.5 R*/rod, PhTX inhibited 	50% of the signal (70.8 �
6.9% of control, n � 6), suggesting that the secondary pathway,
which does not use CP-AMPARs for signaling, contributes to
transmission of rod signals at this light intensity and can activate

Figure 1. Intensity-dependent activation of AMPAR subtypes. A–C, Top, EPSCs evoked by a
10 ms light flash at the intensities indicated at holding potentials of �60, 0, and 40 mV.
Bottom, Corresponding I–V plots at each light intensity. D, Averaged I–V plots for 13 ON RGCs.
Responses have been binned by light intensity as indicated due to variability in flash sensitivity
across cells. E, Summary of RIs calculated from data in D showing that rectification decreases as
the light intensity increases (n�13; **p	0.001). F, Pooled data summarizing the percentage
of inhibition of the light-evoked EPSC PhTX as a function of light intensity (n � 6; **p 	 0.01,
***p 	 0.001 vs control).
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CI-AMPARs on RGCs. These data are con-
sistent with the idea that the contribution of
CI-AMPARs to the light response begins at
light intensities that activate the secondary
rod pathway, and increases in proportion to
light intensity. Interestingly, at higher light
intensities, ranging from 5 to 500 R*/rod,
PhTX had essentially no effect on the EPSC
amplitude (Fig. 1F; 102.8 � 6.9% of control,
n � 6). At this light intensity, the rods are
capable of signaling (Wang et al., 2011), and
so it is unclear why the primary rod pathway
does not contribute substantially to the
downstream EPSC. One possibility is that
synaptic depression at the RBC-AII synapse
(Dunn and Rieke, 2008) reduces or elimi-
nates input from the primary rod pathway
at mesopic light intensities, making inhibi-
tion by PhTX redundant.

The experiments with PhTX described
above were performed while inhibition
was blocked (see Materials and Methods).
To examine the possibility that feedback
inhibition onto bipolar cell terminals
might prevent activation of postsynaptic
CI-AMPARs, even under higher light in-
tensities, we held RGCs at the �60 mV,
the reversal potential for inhibitory input
and repeated these experiments with inhi-
bition intact. However, we still observed
an intensity-dependent switch from CP-
AMPARs to CI-AMPARs, as PhTX was
ineffective at blocking the light response
at intensities ranging from 75 to 750 R*/
rod (90.2 � 8.7% of control, n � 4).

The higher end of the range of light
intensities used here would be expected to
activate cones, which, despite their rela-
tively few numbers in the mouse retina,
strongly drive RGCs under mesopic con-
ditions (Wang et al., 2011). To test the
possibility that RGC CI-AMPAR current
might be mediated by cones, we recorded
from ON RGCs in Gnat2 (cplf3) mice. This
mouse line has a mutation in the �-
subunit of cone transducin (Chang et al.,
2006) causing a loss of cone photorecep-
tor function. Coupling between rods and
cones is thought to be unaffected (Altimus
et al., 2010), allowing for the transmission of rod signals to cones
that constitute the secondary rod pathway. As in wild-type mice,
EPSCs recorded near threshold (range 0.005–0.10 R*/rod) rectified
strongly (RI � 0.14 � 0.06, n � 9), but at an intensity of 500 R*/rod,
rectification was substantially reduced (RI � 0.70 � 0.07, n � 9; p 	
0.001 compared with threshold). Thus, intensity-dependent changes in
AMPAR subtype activation occur within the primary and secondary
rod pathways independent of cone activation. The relationship
between light intensity and RI in the Gnat2 (cplf3) mouse line is
presented in Figure 2D.

Spillover-activated AMPARs are Ca 2� impermeable
These results suggest that AMPARs are not randomly distributed,
but rather are organized such that CP-AMPARs are more likely to

be activated by near threshold stimuli. To test this idea, we
blocked glutamate uptake with TBOA, a competitive antagonist
of glutamate transporters (Shimamoto et al., 1998) to increase
the spread or “spillover” of synaptically released glutamate. Bath
application of 10 �M TBOA reduced rectification of the threshold
response (Fig. 3A,B). The RI was 0.22 � 0.04 in control condi-
tions, but increased to 0.68 � 0.06 in the presence of TBOA.
Similarly, the RI, measured as the ratio of charge transfer at �40
and �60 mV, increased from 0.22 � 0.03 to 0.65 � 0.06 (Fig. 3C;
n � 4; p 	 0.01 for both amplitude and charge). The effect of
TBOA was not limited to threshold responses as it increased the
RI of EPSCs evoked by flashes containing 5 R*/rod from 0.61 �
0.04 (amplitude) and 0.55 � 0.07 (charge), to 1.02 � 0.02 and
0.91 � 0.10, respectively (Fig. 3D; n � 4, p 	 0.01 for amplitude

Figure 2. Intensity-dependent activation of AMPAR subtypes is a feature of rod pathway responses. A, Responses to a 10 ms
flash at the indicated light intensities from a Gnat2 (cplf3) � ON RGC. B, Averaged I–V plots for light intensities shown in A measured
in nine ON RGCs. C, Summary of RIs calculated from data in B showing that rectification decreases as the light intensity increases.
(n � 9; ***p 	 0.001, *p 	 0.05). D, Summary of the relationship between light intensity, response amplitude, and RI using the
same cell sample as in B. The intensity response is fit with the Hill equation, R/Rmax � 1/1 � (I1/2/I )n where I1/2, the half-maximal
flash intensity, is 0.64 R*/rod and n the Hill slope, is 1.10.
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and p 	 0.05 for charge). These data support the hypothesis that
spillover activates a population of AMPARs that are Ca 2� imper-
meable and are spatially segregated from CP-AMPARs. TBOA
elevates the concentration of glutamate in the synaptic cleft, rais-
ing the possibility that low-affinity antagonists such as L-APV
might be unable to prevent glutamate from binding to NMDARs.
Synaptic NMDA currents would also contribute to a linearization
of the EPSC due to the relief of Mg 2� block at positive voltages,
and could be mistaken for an increased contribution of CI-
AMPARs. However, this seems unlikely, as we obtained similar
results in the presence of 20 �M CPP, a high-affinity NMDAR
antagonist: TBOA shifted the RI of EPSCs near threshold from
0.17 � 0.01 to 0.71 � 0.01 (p � 0.009, n � 2; data not shown).

In both mammalian and amphibian ON RGCs spontaneous
activity is solely mediated by AMPARs (Taschenberger et al.,
1995; Taylor et al., 1995; Matsui et al., 1998; Tian et al., 1998;
Chen and Diamond, 2002), consistent with a perisynaptic local-
ization of NMDARs (Zhang and Diamond, 2009). We wondered
if these AMPAR sEPSCs are mediated primarily by CP-AMPARs
and if increasing spillover might result in activation of CI-

AMPARs during sEPSCs. We measured
sEPSCs before and after increasing spill-
over with TBOA. An example of sEPSCs
recorded at �60 and �40 mV is shown
before and after application of TBOA (Fig.
4A). In the presence of TBOA, the fre-
quency of spontaneous events was often
too high to make measurements of single
events practical, perhaps because of up-
stream effects on glutamate uptake at the
ON bipolar–AII amacrine cell synapse.
We therefore measured the Q–V relation
of sEPSCs (i.e., the charge transfer, rather
than current amplitude of the sEPSCs) at
�60, 0, and 40 mV (Fig. 4B). sEPSCs
strongly rectified (Fig. 4B,C; RI � 0.17 �
0.06, n � 4), indicating activation of pri-
marily CP-AMPARs. As predicted by re-
sults from light-evoked EPSCs, the
addition of TBOA recruited activation of
CI-AMPAR, indicated by an increase in
the RI to 0.89 � 0.03 (n � 4, p 	 0.05).

Discussion
By measuring the activation of CP-
AMPARs and CI-AMPARs at different
light intensities, we find an even greater
level of synaptic organization at ON RGCs
synapses than previously appreciated.
These receptors are functionally orga-
nized such that dim light signals arising in
the primary rod pathway activate CP-
AMPARs almost exclusively, while stron-
ger flashes carried by secondary rod
pathways recruit CI-AMPARs.

These results could in theory be ac-
counted for by either of two models. In
Model 1, (Fig. 4D), both types of AMPARs
are expressed at the same synapse, oppo-
site a cone bipolar cell that receives rod
input via gap junctions from AII amacrine
cells. Here, a single type of ON cone bipo-
lar cell would activate both CP-AMPARs
and CI-AMPARs. A candidate cell would

be the cone bipolar type 6, which is thought to provide 
75% or
more of the synaptic input to � ON RGCs (Schwartz et al., 2012)

In the second model, AMPARs are segregated at separate
synapses, and at least two classes of ON cone bipolar cell are
required to activate CP-AMPARs and CI-AMPARs. In this
scenario, CP-AMPARs are preferentially expressed at synapses
opposite cone bipolar cells that receive strong AII input. At
least one other, or possibly multiple classes of ON cone bipolar
cell, would avoid contact with AII amacrine cells, or perhaps
make only weak contacts, collecting their input primarily from
cones. In support of this model, AII amacrine cells selectively avoid
specific classes of ON bipolar cell in cat and rabbit retina; in rat
retina, the strength of coupling between AII amacrine and ON bipo-
lar cell varies highly depending upon ON bipolar cell type (for
review, see Demb and Singer, 2012). Both models are consis-
tent with our finding that enhancing spillover with TBOA
activates CI-AMPARs. In Model 1, spillover occurs within in-
dividual postsynaptic sites. In Model 2, glutamate released at
synaptic sites that process primary rod pathway input and

Figure 3. Enhanced spillover activates CI-AMPARs. A, Left, EPSC evoked by a dim flash (0.01 R*/rod) in an � ON RGC. Right, For
the same light intensity, TBOA increases the amplitude of the current at �60 and �40 mV. B, Average I–V plots for Control and
TBOA-treated cells. C, Summary of the effect of TBOA on the RI of dim light flashes. D, As for dim flashes, brighter flashes (5 R*/rod)
also show an increase in RI with TBOA application (n � 4; **p 	 0.01, *p 	 0.05; paired t test).
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express primarily CP-AMAPRs would
spill over to neighboring synapses that
mediate secondary rod pathway input
and express CI-AMPARs.

Spike responses in RGCs evoked by
dim light are temporally very precise, sug-
gesting that the efficacy in synaptic trans-
mission in the rod pathway is high
(Murphy and Rieke, 2006). Presynaptic
mechanisms, including the high degree of
convergence of rods onto rod bipolar cells
(Tsukamoto et al., 2001), and AII ama-
crine cell coupling (Sterling et al., 1988)
are thought to be important underlying
mechanisms for this precision. However,
the high fidelity of this pathway may result
from the postsynaptic expression of CP-
AMPARs on ON RGCs. The large single
channel conductance and rapid decay ki-
netics of CP-AMPARs has been shown in
cerebellar stellate cells to affect the proba-
bility of action potential firing (Savtchouk
and Liu, 2011; Liu and Savtchouk, 2012).
In RGCs these properties may increase
synaptic gain and temporal fidelity of rod
pathway responses. CP-AMPARs are ex-
pressed at several synaptic connections in
early stages of the auditory pathway
(Trussell, 1999; Gardner et al., 2001), sug-
gesting that the expression of this type of
AMPA receptor might be a common fea-
ture of sensory transmission.
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