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Systems/Circuits

Kainate Receptors Mediate Synaptic Input to Transient and
Sustained OFF Visual Pathways in Primate Retina

Theresa Puthussery,1 Kumiko A. Percival,1,2,3 Sowmya Venkataramani,1 Jacqueline Gayet-Primo,1 Ulrike Grünert,2,3

and W. Rowland Taylor1

1Casey Eye Institute, Department of Ophthalmology, Oregon Health and Science University, Portland, Oregon 97239, 2Department of Ophthalmology, Save
Sight Institute, University of Sydney, Sydney, NSW 2000, Australia, and 3Australian Research Council Centre of Excellence in Vision Science, University of
Sydney, Sydney, NSW 2000, Australia

Visual signals are segregated into parallel pathways at the first synapse in the retina between cones and bipolar cells. Within the OFF
pathways of mammals, the selective expression of AMPA or kainate-type glutamate receptors in the dendrites of different OFF-bipolar
cell types is thought to contribute to formation of distinct temporal channels. AMPA receptors, with rapid recovery from desensitization,
are proposed to transmit high temporal frequency signals, whereas kainate receptors (KARs) are presumed to encode lower temporal
frequencies. Here we studied the glutamate receptors expressed by OFF-bipolar cells in slice preparations of macaque monkey retina,
where the low (midget/parvocellular) and high-frequency (parasol/magnocellular) temporal channels are well characterized. We found
that all OFF-bipolar types receive input primarily through KARs and that KAR antagonists block light-evoked input to both OFF-midget
and OFF-parasol ganglion cells. KAR subunits were differentially expressed in OFF-bipolar types; the diffuse bipolar (DB) cells, DB2 and
DB3b, expressed GluK1 and showed transient responses to glutamate and the KAR agonist, ATPA. In contrast, flat midget bipolar, DB1,
and DB3a cells lacked GluK1 and showed relatively sustained responses. Finally, we found that the KAR accessory protein, Neto1, is
expressed at the base of cone pedicles but is not colocalized with the GluK1 subunit. In summary, the results indicate that transient
signaling in the OFF pathway of macaques is not dependent on AMPA receptors and that heterogeneity of KARs and accessory proteins
may contribute to the formation of parallel temporal channels.
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Introduction
In the mammalian visual system, parallel channels are established
in the retina during signal transmission from photoreceptors,
through bipolar cells, to ganglion cells. Functional properties of
the parallel channels are specified by glutamate receptors at the
synapse between photoreceptors and bipolar cells. For example,
OFF-bipolar cells encode decrements in light intensity using
ionotropic AMPA/kainate type receptors (Slaughter and Miller,
1983), whereas ON-bipolar cells encode increments in light in-
tensity using metabotropic glutamate receptors (mGluR6)
(Slaughter and Miller, 1981; Nomura et al., 1994; Masu et al.,
1995).

Within the OFF channel, further functional diversity is intro-
duced by heterogeneity within glutamate receptor subclasses. In
ground squirrel and mouse retina, OFF-bipolar cell currents are
dominated by either AMPA or kainate receptor (KAR) currents,
and this distinction is thought to be important for temporal fil-
tering of cone signals (DeVries, 2000; DeVries et al., 2006; Puller
et al., 2007). Cell types that express AMPA receptors (AMPARs),
which recover more rapidly from desensitization, are presumed
to encode higher temporal frequencies than those expressing
KARs, which recover relatively slowly (DeVries, 2000). This prin-
ciple predicts that bipolar cells expressing AMPARs drive tran-
sient (higher temporal frequency) visual channels, whereas those
expressing KARs drive sustained (lower temporal frequency)
channels. However, this hypothesis has not yet been examined
because, in most mammals, the ganglion cell targets of the vari-
ous OFF-bipolar cell types have not been determined. A central
goal of this study was to exploit the well-characterized circuits
of the primate OFF-parvocellular (sustained) and OFF-
magnocellular (transient) channels, to directly test the hypothesis
that AMPAR-expressing bipolar cells contribute to temporal tun-
ing in transient retinal pathways.

In addition to the AMPA/kainate dichotomy, previous studies
point to pharmacological heterogeneity in KARs across OFF-
bipolar cell types (DeVries and Schwartz, 1999; DeVries, 2000;
Lindstrom et al., 2014). However, the molecular basis and func-
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tional implications of this diversity remain unclear. KARs are
tetramers formed from combinations of five receptor subunits,
GluK1–5 (Hollmann and Heinemann, 1994). The low-affinity
subunits, GluK1–3, can form functional homomers, whereas the
high-affinity subunits, GluK4 and GluK5, must partner with a
low-affinity subunit to form functional channels (Ren et al., 2003;
Nasu-Nishimura et al., 2006). Although variations in subunit
composition can confer different functional properties to synap-
tic KARs, recent evidence indicates that interaction with the aux-
illary proteins, Neto1 and Neto2, can also markedly alter kinetic
properties (Tomita and Castillo, 2012; for reviews, see Copits and
Swanson, 2012). The retina is an ideal model system to study KAR
heterogeneity because the synapses between cone pedicles and
OFF-bipolar cells represent a rare example of central synapses in
which EPSCs are mediated primarily by KARs. Here, we have
used electrophysiological and immunohistochemical methods to
investigate the functional diversity of KARs expressed by primate
OFF-bipolar cells.

Materials and Methods
Animal procedures and tissue preparation. Eyes were obtained from 24
rhesus (Macaca mulatta) and 9 cynomolgous (Macaca fascicularis) ma-
caques of either sex that were killed for unrelated experiments according
to procedures of the Tissue Distribution Program at the Oregon National
Primate Research Center. After exsanguination, eyes were enucleated,
the anterior eye and vitreous were removed, and the retina-RPE-choroid
complex was isolated from the sclera in bicarbonate-buffered Ames’ me-
dium (US Biologicals) equilibrated with carbogen (95% O2/5% CO2). All
subsequent slice procedures and bipolar and ganglion cell recordings
were performed in Ames’ medium. For slice recordings, pieces of light-
adapted peripheral retina (eccentricity �4–8 mm) were embedded in 3%
low melting temperature agarose in HEPES-buffered Ames’ and vertical
slices (�300 �m) were cut on a vibrating microtome (Leica Biosystems).

Bipolar and horizontal cell recordings. Slices were visualized with gra-
dient contrast optics on an Olympus BX-51 WI microscope using infra-
red illumination (870 nm). Slices were continuously superfused (2–3
ml/min) in Ames’ medium heated to 31C-33°C. Borosilicate pipettes
(9 –12 M�) were wrapped in Parafilm to reduce pipette capacitance and
were filled with an intracellular solution containing the following (in
mM): 120 K-methylsulfonate, 8 KCl, 2 Mg2-ATP, 1 Na-GTP, 1 EGTA, 10
Na0.5-HEPES, 10 phosphocreatine-Na2, and 0.1 AlexaFluor-488 hydra-
zide (adjusted to pH 7.35 with KOH). The liquid junction potential
correction for this solution was �10 mV. After establishing the whole-
cell recording configuration, a series of depolarizing or hyperpolarizing
voltage steps were made from a holding potential of �70 mV to deter-
mine the inventory of voltage-gated currents in each cell. This was used,
in addition to cell morphology, as a way of distinguishing between the
different OFF cone bipolar cell types, as has been described previously
(Puthussery et al., 2013). To isolate excitatory currents, all agonist-
evoked currents in bipolar and horizontal cells were measured at a hold-
ing potential of �70 mV, the calculated chloride equilibrium potential.
For focal drug application, a 9 –12 M� pipette was attached to a Pico-
spritzer, and puffs were delivered at 3–5 psi. Puff-applied drugs
L-glutamate (Sigma) and ATPA (Tocris Bioscience) were diluted in
HEPES-buffered Ames’ medium (pH at 7.4). To assess the effect of glu-
tamate receptor antagonists, 20 ms puffs of 0.5 mM glutamate were re-
peated every 10 s. Once a stable baseline was established, the perfusion
was switched to wash-in antagonists (ACET, UBP310 and GYKI53655,
all from Abcam). Five to 8 traces were averaged before, during, and after
drug application to calculate percentage suppression.

Currents were filtered at a �3 dB cutoff frequency of 2 kHz by the 4
pole Bessel filter of EPC-10 patch amplifier (HEKA), and digitized at 10
kHz. Series resistance was not compensated online, but was monitored
continuously during experiments by applying 5 mV voltage steps. Series
resistances were compensated offline by adjusting the amplitude of the
current responses to account for changes in the driving force. For paired
recordings, cones were patched at the inner segment with a recording

electrode (7– 8 M�) containing in mM: 120 Cs-methylsulfonate, 8 CsCl, 2
Mg2-ATP, 1 Na-GTP, 1 EGTA, 10 Na0.5-HEPES, 10 Na2-phos-
phocreatine, and 0.1 AlexaFluor-488 or -594 hydrazide (adjusted to pH
7.35 with CsOH).

Ganglion cell recordings. Ganglion cell recordings were made in whole-
mount preparations of peripheral nasal retina (eccentricity 5–10 mm)
with the RPE/choroid attached. The retina was continuously superfused
in Ames’ medium (35°C) at a rate of 2– 4 ml/min. The preparation was
visualized with differential interference or gradient contrast optics using
infra-red illumination (870 nm). Midget and parasol ganglion cells were
initially targeted based on soma size and physiologically identified by
assessing receptive field size, contrast sensitivity, and temporal response
properties during light stimulation in the loose-cell attached recording
configuration (De Monasterio and Gouras, 1975; Watanabe and Ro-
dieck, 1989; Crook et al., 2008). Loose-patch recordings were made with
�5 M� pipettes filled with Ames’ medium. Voltage-clamp recordings
were subsequently made with �5 M� pipettes containing in mM: 128
Cs-methylsulfonate, 6 CsCl, 2 Mg-ATP, 1 Na-GTP, 1 EGTA, 10 Na0.5-
HEPES, 2.5 Na2-phosphocreatine, and 3 QX-314 and 0.5 Alexa-594 hy-
drazide. The liquid junction potential correction for this solution was
�16 mV. The identity of recorded cells was confirmed by assessing mor-
phology at the conclusion of the recordings (Watanabe and Rodieck,
1989). Currents were filtered and digitized as for bipolar cells. Light
stimuli were delivered with a CRT monitor (peak � � 540 nm) or OLED
display (Emagin microdisplay; peak � � 518 nm) projected onto the
preparation through the microscope objective (10� or 20�). Percentage
contrast, defined as 100 � (Lmax � Lmin)/Lbackground, was set to 50%
(whole-cell recordings) or 100% (spike recordings). Background inten-
sities were rod-saturating, ranging from �1.9 � 10 3 to �1.5 � 10 5

photons � s �1 � �m 2.
The effect of antagonists on ganglion cell spiking was assessed by mea-

suring the mean firing rate over the first 50 ms of the second stimulus
cycle. The synaptic conductance elicited by light stimulation was esti-
mated by obtaining light responses at six holding potentials, from �116
to 44 mV in 20 mV increments as described previously (Venkataramani
and Taylor, 2010; Buldyrev et al., 2012). Current–voltage (I-V) relations
of the net light-evoked currents were measured at 10 ms intervals and
were fit to the equation:

I � Ginhib�V � ECl� � �GAMPA � GNMDA/�1 � e��V�V0.5�/V����V�Ve�

where V is the membrane potential, Ginhib is the inhibitory conductance,
GAMPA is the linear component of the excitatory conductance, GNMDA is
a nonlinear conductance with a voltage-dependent I-V relation appro-
priate for NMDA channel activation, ECl is the chloride equilibrium
potential (�70 mV), and Ve is the excitatory reversal potential (0 mV).
ECl and Ve were fixed, whereas Ginhib, GAMPA, and GNMDA were allowed to
vary during fitting. V0.5 is the potential at which half the NMDA channels
are blocked by extracellular Mg ions, and V� sets the voltage sensitivity of
the block. V0.5 and V� were fixed at �30 and 18 mV, respectively. Al-
though these parameter values produced adequate fits to the I-V rela-
tions of the OFF midget ganglion cells, the precise values are not critical
for the present purposes because the goal was simply to determine
whether synaptic inputs were suppressed by KAR antagonists. The I-V
relations for OFF parasol ganglion cells were fit using only linear conduc-
tances by fixing GNMDA � 0. Analysis was performed using custom rou-
tines in Igor Pro (Wavemetrics).

Immunohistochemistry and imaging. The following primary antibodies
and tissue culture supernatants were used; rabbit anti-recoverin (Milli-
pore, #AB5585), rabbit or sheep anti-secretagogin (Biovendor R&D,
#RD181120100, RD184120100), rabbit anti-glutamate transporter 1
(GLT-1, Tocris Bioscience, #2063), mouse anti-calbindin D28K (Sigma,
#C9848), mouse anti-Islet-1 (Developmental Hybridoma Studies Bank,
University of Iowa, #39.4D5), rabbit anti-calcium binding protein 5
(CaBP5, gift from Dr. F. Haeseleer), goat anti-GluK1 antibody (GluR5,
Santa Cruz Biotechnology, SC-7616), goat anti-GluA3 (GluR3, Santa
Cruz Biotechnology, sc-7612), rabbit anti-GluA4 (GluR4, Millipore,
#AB1508), rabbit anti-neuropilin and tolloid-like 1 (Neto1, kindly pro-
vided by Dr Masahiko Watanabe, Hokkaido University (Straub et al.,
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2011), mouse anti-RIBEYE (CtBP2, BD Biosciences, #612044), and
mouse anti-PSD-95 (University of California at Davis/National Insti-
tutes of Health Neuromab #73–348, clone K28/74).

For immunostaining, retinae were fixed for 5 min in 2 or 4% PFA at
25°C, cryoprotected in graded sucrose solutions and cryosectioned at 12
�m. Nonspecific binding sites were blocked for 3 h with 10% normal
horse serum (NHS), 1% Triton X-100, 0.025% NaN3 in PBS, pH 7.4, and
primary antibodies were applied in 3% NHS, 1% Triton X-100, 0.025%
NaN3 in PBS, pH 7.4 overnight at 25°C. Immunostaining shown in Fig-
ure 6 was performed sequentially, with GluK1 detected first, followed by
cell marker antibodies. Secondary antibodies, raised in donkey, were
conjugated to AlexaFluor-488, -594, or -647 (Invitrogen). These were
diluted in 3% NHS, 0.025% NaN3 in PBS, pH 7.4, and applied for 1 h at
25°C. The following modifications were made for sample preparation for
super-resolution structured illumination microscopy (SR-SIM): retinae
were postfixed in 4% PFA for 30 min after application of secondary
antibodies and tissues were mounted using CFM-1 mounting medium
(Citifluor, refractive index 1.51). For SR-SIM, only AlexaFluor-488 and
-594-conjugated secondary antibodies were used.

In some cases, at the conclusion of recordings, agarose slices were fixed
for 15–30 min in 4% PFA for subsequent confocal imaging. All confocal
images were acquired on an Olympus Fluoview 1000 confocal micro-
scope with an Olympus Plan Apo 60� (1.42 NA oil) objective. Linear
image adjustments (brightness and contrast) were applied uniformly
using Adobe Photoshop CS. The confocal images shown are maximal
z-projections of 2– 4 image planes, whereas all SR-SIM images are of
single optical sections unless otherwise indicated.

Structured illumination microscopy and image analysis. For SR-SIM,
images were acquired with an Elyra PS.1 Microscope (Carl Zeiss) with a
60�/1.4 (NA) PlanApo objective using an Andor iXON EMCCD cam-
era, and processed for SR-SIM using ZEN 2010D software. Images were
corrected for chromatic aberration by applying a correction obtained
from alignment of SIM images of 0.1 �m TetraSpeck Microspheres
(Invitrogen).

To determine the extent of overlap between Neto1 and GluK1 immu-
nolabeling, SIM image stacks from retinal whole mounts and vertical
sections were analyzed in 3D using IMARIS software (Bitplane). Images
were background subtracted and filtered using a mean intensity thresh-
old to reduce noise. The “Spots” tool was then used to fit ellipses (0.25 �
0.75 �m width by height) to immunoreactive puncta in each color chan-
nel, and the extent of overlap between Neto1 and GluK1 puncta was
determined by finding Neto1 and GluK1 puncta with centers separated
by �0.12 �m, the approximate resolution limit that can be achieved
using SIM. As a positive control, we applied similar analyses to images of
0.1 �m TetraSpeck Microspheres (Invitrogen), which showed 100% co-
localization at a spatial threshold of 0.12 �m. Analysis of the AMPAR
subunits, GluA3 and GluA4, also showed a high degree of colocalization
(58% of GluA3 puncta colocalized with GluA4, n � 5836 total GluA4
puncta, n � 5799 total GluA3 puncta) at a spatial threshold of 0.12 �m
(Abbott et al., 2012). To ensure that the resolution of our approach was
adequate to resolve presynaptic and postsynaptic synaptic markers, we
analyzed retinal sections labeled for CtBP2/RIBEYE (a marker of presyn-
aptic ribbon synapses) and GluA4 (a marker of AMPA postsynapses). We
found that, as expected, these proteins showed little spatial overlap (3.7%
of GluR4 puncta colocalized with RIBEYE, n � 1152 total puncta for
RIBEYE, n � 1082 total puncta for GluA4) at a spatial threshold of
0.12 �m.

Statistics. Statistical comparisons of antagonist effects on glutamate-
evoked currents were made for bipolar cells using two-way ANOVA
(“cell type” � “drug”) and for horizontal cells using one-way ANOVA.
Bonferroni post hoc tests were used in both cases. Wilcoxon Rank-Sum
test was used for comparisons of nonparametric datasets where indi-
cated. Statistics were calculated with GraphPad Prism 4.0a or Igor Pro
6.34.

Results
Over the course of this study, we recorded from all five OFF-
bipolar cell types that have been identified in macaque retina

(Boycott and Wässle, 1991; Haverkamp et al., 2003; Puthussery et
al., 2013); the flat midget bipolar cell (FMB, n � 37) and four
diffuse bipolar (DB) cell types: DB1 (n � 14), DB2 (n � 26),
DB3a (n � 13), and DB3b (n � 22). FMB cells drive OFF-midget
ganglion cells (Kolb and Dekorver, 1991; Calkins et al., 1994),
whereas the diffuse bipolar cell types, DB2, DB3a, and possibly
DB3b cells drive OFF-parasol ganglion cells (Jacoby et al., 2000;
Calkins and Sterling, 2007; Puthussery et al., 2013). The different
OFF-bipolar cell types were discriminated by examining their
inventory of voltage-gated currents (Puthussery et al., 2013) (see
Materials and Methods) and by assessing cell morphology (Boy-
cott and Wässle, 1991; Puthussery et al., 2013) at the conclusion
of the recordings.

Glutamate activates KARs in OFF cone bipolar cells
Our first objective was to characterize the pharmacology of
glutamate-evoked currents in each OFF-bipolar cell type. Focal
dendritic application of L-glutamate (0.5 mM, 0.5 s) produced
inward currents in all OFF-bipolar cells; however, the response
kinetics varied between bipolar types (Fig. 1A). The FMB, DB1,
and DB3a cells showed relatively sustained responses to 0.5 s
L-glutamate puffs, with the following plateau/peak amplitude ra-
tios (mean 	 SD): FMB, 0.64 	 0.15 (n � 11); DB1, 0.95 	 0.07
(n � 5); and DB3a, 0.79 	 0.17 (n � 2). DB2 and DB3b cells
showed more transient responses with plateau/peak amplitude
ratios: DB2, 0.22 	 0.03 (n � 6) and DB3b 0.36 	 0.17 (n � 7).
The plateau/peak ratios of DB2 and DB3b cells were significantly
smaller than that of FMB cells (Wilcoxon Rank Test, FMB vs
DB2, p � 0.0002; FMB vs DB3b, p � 0.0017), suggesting more
pronounced desensitization in the DB2 and DB3b cells.

To determine whether the observed differences in response
kinetics could be attributed to differential expression of AMPA
versus KARs, we measured the sensitivity of glutamate-evoked
currents to the noncompetitive AMPAR antagonist, GYKI 53655
(Wilding and Huettner, 1995; Bleakman et al., 1996) or the com-
petitive KAR antagonist, ACET (also known as UBP316, 0.1–1
�M (Dolman et al., 2007; Dargan et al., 2009; Perrais et al., 2009).
A concentration of 10 �M GYKI 53655 was selected to maximize
block of AMPA receptors (IC50 �2 �M) while minimizing effects
at GluK3 or GluK2/3 containing KARs (IC50 �32– 63 �M) (Per-
rais et al., 2009). The peak glutamate-evoked currents were mon-
itored during application of the antagonists (Fig. 1B). In the DB2
cell example shown in Figure 1B, GYKI 53655 had little effect on
response amplitude, 0.1 �M ACET produced substantial but in-
complete block, whereas 1 �M ACET abolished the L-glutamate
response. In most instances, the recording duration did not
permit sequential wash-in of antagonists, and thus only one of
either GYKI 53655 or ACET was applied to an individual cell.
We found that ACET suppressed glutamate-evoked currents
by 
90% in all OFF-bipolar cell types (Fig. 1C,D). FMB, DB1,
and DB3a cells were more sensitive to ACET (�90% block
with 0.1 �M) than were DB2 and DB3b cells (�90% block with
1.0 �M, Fig. 1D). Partial drug washout was generally observed
within the available recording time (Fig. 1C). We also tested
another competitive KAR antagonist, UBP310 (Dargan et al.,
2009; Perrais et al., 2009), which produced similar results to
ACET (tested in FMB and DB2 cells, Fig. 1D). In contrast to
the KAR antagonists, the AMPAR antagonist, GYKI 53655,
had modest effects, with maximal peak glutamate current sup-
pression of 22.2% in FMB cells (Fig. 1D). Given that KAR
antagonists suppressed FMB responses by �96% on average
(Fig. 1D), it seems likely that the suppression by GYKI 53655
reflects its additional antagonistic activity at GluK2/3 or
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GluK3 containing KARs, which is consistent with the immu-
nohistochemical results shown below.

To confirm the efficacy and selectivity of the glutamate recep-
tor antagonists in our preparation, we tested these drugs on
glutamate-evoked currents in horizontal cells (Fig. 2A), which
are known to receive synaptic input through AMPARs (Blanco
and de la Villa, 1999; Diamond, 2011; Jackman et al., 2011). As

expected, horizontal cell currents were rapidly blocked by 10 �M

GYKI 53655 (Fig. 2B,C,E), but not by high concentrations of
ACET (1 �M, Fig. 2D,E) or UBP310 (5 �M, Fig. 2E). Analysis of
the charge transfer during glutamate-evoked responses in both
the bipolar cells and horizontal cells produced quantitatively sim-
ilar results to measurements of peak current (data not shown).
Together, these results indicate that glutamate-evoked responses
in the five known primate OFF cone bipolar cell types are medi-
ated predominantly by KARs.

Flat midget bipolar cells express synaptic KARs
We next sought to determine whether the antagonist sensitivity
of glutamate-evoked responses reflected the pharmacology of
synaptic receptors. We made paired, whole-cell recordings be-
tween cones and FMB cells and examined the sensitivity of
evoked EPSCs to the glutamate receptor antagonists. We found
that 0.1 �M ACET blocked EPSCs elicited by direct depolariza-
tion of a presynaptic cone (Fig. 3A,C). The selectivity of the
antagonists for synaptically evoked currents was further con-
firmed by paired recordings between cones and horizontal cells,
which showed that EPSCs in horizontal cells were not blocked by
0.1 �M ACET (Fig. 3B,C, red) but were blocked by 10 �M GYKI
53655 (Fig. 3B,C, blue). Together, these data indicate that func-
tional inputs to FMB cells are driven by KARs, and demonstrate
that the pharmacology of glutamate-evoked currents is consis-
tent with that of synaptic currents.

KAR antagonists block light-evoked inputs to OFF-midget
and OFF-parasol ganglion cells
The results presented thus far indicate that cone to OFF-bipolar
cell transmission is mediated predominantly by KARs, and there

Figure 1. Macaque OFF cone bipolar cells express KARs. A, Top, Confocal projections showing examples of each type of macaque OFF-bipolar cell filled with Alexa-488 hydrazide during recordings.
INL, Inner nuclear layer; IPL, inner plexiform layer. Scale bar, 10 �m. Scale bar, 10 �m. A, Bottom, Average currents in response to puff application of glutamate (L-Glu) to the OFF-bipolar cell
dendrites (0.5 s, 0.5 mM). The number of cells averaged for each cell type is indicated. The black bar above the traces delineates the interval of glutamate application. Note the more transient response
kinetics in DB2 and DB3b cells. B, An example recording from a DB2 cell showing the peak amplitude of currents evoked by 20 ms puffs of 0.5 mM glutamate at 15 s intervals. The bars above the data
points indicate the timing of antagonist application. Inset, Average current responses obtained under the different drug conditions. C, Examples of glutamate-evoked currents (20 ms, 0.5 mM) in each
bipolar cell type (ordered left to right as in A), before, during, and after partial washout of ACET. Puff timing is indicated by the black bars above traces. D, Summary graph showing antagonist effects
on peak currents for each cell type. The number of cells for each condition is indicated above the error bars. Note that DB2 and DB3b cells were relatively less sensitive to ACET. *p � 0.05 (two-tailed
Wilcoxon Rank Sum test). The effect of ACET (0.1 and 1 �M) was significantly different from the effect of GYKI 53655 for all cell types ( p � 0.001, two-way ANOVA with Bonferroni tests). Error bars
indicate 	1 SEM.

Figure 2. Glutamate-evoked currents in horizontal cells are blocked by AMPAR but not
KAR antagonists. A, Confocal projection showing an example of a recorded horizontal cell.
Scale bar, 10 �m. B, Graph showing peak glutamate-evoked (20 ms, 0.5 mM) current
amplitude in a horizontal cell. Application of GYKI 53655 (10 �M, blue bar) strongly
suppressed currents. C, D, Glutamate-evoked currents in two representative horizontal
cells were reversibly blocked by 10 �M GYKI 53655 (C) but not ACET (D). E, Summary of antag-
onisteffectsonglutamate-evokedcurrentsinhorizontalcells.TheeffectofACETorUBP310wassignificantly
differentfromtheeffectofGYKI53655( p�0.001,one-wayANOVAwithBonferronipost-tests).Thenum-
berofcellstestedineachgroupis indicatedabovebars.
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is no significant involvement of AMPA receptors. If KARs medi-
ate synaptic input from cones to OFF cone bipolar cells, then
OFF-pathway driven light-evoked inputs to OFF ganglion cells
should be blocked by ACET. In contrast, ACET should not alter
mGluR6-mediated transmission between cones and ON-bipolar
cells. Immunohistochemical and electrophysiological studies in-
dicate that KARs are not involved in signaling at bipolar to gan-
glion cell synapses (Jacoby and Wu, 2001; Grünert et al., 2002;
Buldyrev et al., 2012); thus, ACET should not affect transmission
at these inner retinal synapses. To test these predictions, we made
loose cell-attached recordings from ganglion cells in retinal
whole-mount preparations and recorded light-evoked spikes in
response to a square-wave modulated (1 Hz, 100% contrast) spot
stimulus centered on the receptive field. We found that ACET (1
�M) reversibly blocked light-evoked spiking in OFF-midget and
OFF-parasol ganglion cells (Fig. 4A,B) but had no effect on spik-
ing in the corresponding ON ganglion cell types (Fig. 4C,D; peak
spike rate 	 SEM percentage control, OFF midget 0 	 0%, n � 5
cells, ON midget 93 	 9%, n � 3 cells; OFF parasol 7 	 4%, n �
5 cells, ON parasol 118 	 7%, n � 5 cells, Wilcoxon rank sum
test, p � 0.008). The maintained spiking in the OFF midget gan-
glion cells under background illumination was also suppressed by
ACET, consistent with the suppression of a tonic input from FMB
cells. In ON-OFF type ganglion cells, ACET reversibly blocked
spikes evoked at the OFF-phase, but not the ON-phase of the light
stimulus (Fig. 4E; n � 2 cells).

The effects of ACET on OFF ganglion cells are presumed to
arise from blockade of OFF-bipolar cell excitatory inputs. How-
ever, spike recordings do not allow us to exclude the possibility
that ACET suppressed spiking by increasing inhibitory input to
the OFF-ganglion cells. Thus, we made voltage-clamp recordings
from OFF ganglion cells to examine the effects of ACET on the
light-evoked excitatory and inhibitory synaptic conductances
(see Materials and Methods). For the OFF-midget ganglion cells,
the excitatory conductances were well fit with a linear AMPA-
component and a nonlinear NMDA component (Fig. 4F), as has
been described previously (Crook et al., 2011). Excitatory con-
ductances in OFF parasol ganglion cells were adequately fit with a
linear AMPA conductance (Fig. 4G) (Puthussery et al., 2013). In
both OFF-midget (n � 4 cells) and OFF-parasol ganglion cells
(n � 4 cells), ACET blocked the excitatory synaptic conductances

evoked by presentation of the dark spot (OFF response, Fig. 4F–
I). In both cell types, the inhibitory conductances occurring at
the termination of the dark spot, which were presumably driven
by crossover inhibition from the ON-pathway (Crook et al.,

Figure 3. Cone to FMB EPSCs are mediated by KARs. A, Paired recording between a cone and
an FMB cell. The cone voltage-step timing and magnitude are indicated above traces. The traces
under each condition represent averages of 13 stimuli. Application of 0.1 �M ACET suppressed
the peak amplitude of the evoked EPSC by �97%. B, Paired recording between a cone and a
horizontal cell (HC) provides a positive control. The cone voltage-step timing and magnitude are
indicated above the EPSCs. The traces for each condition represent averages of 8 –10 stimuli.
Application of 0.1 �M ACET had little effect on the peak amplitude of the HC EPSC, whereas
subsequent addition of 10 �M GYKI 53655 suppressed the peak amplitude of the evoked EPSC
by �98%. C, Bar graph showing the effects of ACET and GYKI on average peak EPSC amplitudes
during paired recordings between cones and the cell type indicated. The numbers of cell pairs
averaged for each condition are indicated on the bars. Error bars indicate 	1 SEM. *p � 0.05
(two-tailed Wilcoxon Rank Sum test). **p � 0.01 (two-tailed Wilcoxon Rank Sum test).

Figure 4. ACET suppresses light-evoked excitatory input to OFF-midget and OFF-parasol
ganglion cells. Light stimulus timing and contrast is shown below traces for A–G. A–D, Average
peristimulus spike-time histograms in OFF midget (n � 5), OFF parasol (n � 5), ON midget
(n � 3), and ON parasol (n � 5) ganglion cells in control conditions (black traces) and during
application of 1 �M ACET (red traces). ACET suppressed spiking in OFF-type, but not ON-type,
ganglion cells. Note that the background spiking in OFF midget cells was blocked by ACET
(arrows), but not in ON midget cells. Washout responses (blue traces) are averages obtained
from 4 OFF parasol and 2 OFF midget ganglion cells. E, Example peristimulus spike-time histo-
gram of an ON-OFF ganglion cell under control conditions (black traces) and in ACET (red traces),
showing selective block of the OFF input. F, G, Average light-evoked conductances from OFF
midget (n�4) and OFF parasol ganglion cells (n�4) in control conditions or after 0.1 �M ACET
application. Average excitatory (AMPA, NMDA) and inhibitory conductances (Inhib) are shown
separately (see Materials and Methods). OFF midget ganglion cells receive a prominent NMDA-
mediated input, whereas OFF parasol ganglion cells could be adequately fit with a linear I-V
relation. H, I, Summary of peak conductances in OFF midget (H ) and OFF parasol (I ) cells in
control (Con, black symbols) or ACET (red symbols). The peak AMPA and NMDA conductance was
measured during presentation of a dark spot (at time points indicated by black circle and black
diamond symbols in F and G, respectively). The inhibitory conductance was measured at the
termination of the dark spot (at time point indicated by black triangles in F and G).
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2011), were unaffected by ACET (Fig. 4F–I). These results, to-
gether with the results from the bipolar cell recordings, indicate
that KARs in the outer plexiform layer (OPL) convey most, if not
all of the excitatory drive to OFF-midget and OFF-parasol gan-
glion cells.

OFF-bipolar types display functional heterogeneity in
KAR expression
The results from our electrophysiological recordings (Fig. 1)
suggest that OFF-bipolar types display functional heterogene-
ity in KARs, as has been observed in ground squirrel retina
(DeVries, 2000; Lindstrom et al., 2014). To further examine
these functional differences, we used the KAR agonist, ATPA
(Hoo et al., 1999; DeVries, 2000; Paternain et al., 2000), which
in heterologous expression systems produces desensitizing
currents in GluK1/5 and GluK1/2 and nondesensitizing cur-
rents in GluK2/5 heteromers (Paternain et al., 2000). In the
retina, we found that paired-puff application of 10 �M ATPA,
with a 15 s interval, elicited sustained inward currents in FMB,
DB1, and DB3a cells for both the first and second puff (Fig.
5A–C). By contrast, responses in DB2 and DB3b cells were
relatively transient and remained strongly desensitized when
the second puff was applied 15 s later (Fig. 5A–C). We also
noted prominent rebound inward currents when the agonist
concentration began to decline at the termination of the pres-
sure pulse in FMB, DB1, and DB3a but not in DB2 and DB3b
cells (Fig. 5A, arrows). ATPA did not evoke currents in hori-
zontal cells (Fig. 5D), thus confirming the selectivity of ATPA
for KARs, over AMPARs. The rebound currents are discussed
further below (see Fig. 7).

OFF-bipolar types show heterogeneity in
GluK1 immunoreactivity
To study the expression of glutamate receptor expression in OFF-
bipolar types, we performed double immunolabeling using anti-
bodies against the KAR subunit GluK1, together with markers for

different cone bipolar cell types (Fig. 6). As has been shown pre-
viously (Haverkamp et al., 2001b), GluK1 immunoreactivity is
localized in the outer plexiform layer underneath cone pedicles
(Fig. 7E). Because some of the bipolar cell markers also label cone
pedicles, which are in close proximity to the dendritic tips of the
labeled bipolar cells, it was not possible to unambiguously deter-
mine whether GluK1 receptor expression colocalized with the
bipolar cell dendritic tips in the OPL. However, we noticed that
weak labeling of extrasynaptic GluK1 receptors could be detected
on the somas of some bipolar cells; we therefore compared ex-
pression of this somatic label with the cell markers. To visualize
the relatively weak somatic staining, the intense GluK1 immuno-

Figure 5. Diverse effects of the KAR agonist, ATPA, across OFF cone bipolar cell types. A,
Current responses of OFF cone bipolar cells to paired-puff application of the KAR agonist, ATPA
(0.5 s, 10 �M, 15 s interval). The first response is shown in black, the second response in red.
Arrows indicate rebound inward currents. B, Paired puff (PP) ratio (peak amp second response/
peak amp first response) for each bipolar cell type. Error bars indicate 	1 SEM. *p � 0.01,
significantly different from FMB (Wilcoxon Rank Sum test). **p � 0.001, significantly different
from FMB (Wilcoxon Rank Sum test). Note the response desensitization in DB2 and DB3b cells.
C, Ratio of current measured at the end of the 0.5 s ATPA application (Late) over peak evoked
current. DB2 and DB3b cells showed more transient response kinetics. D, Puff application of
ATPA (0.5 s, 10 �M) to a horizontal cell did not evoke an inward current, whereas application of
glutamate (0.5 mM, 20 ms) to the same cell produced a large inward current. Similar results
were obtained in four horizontal cells. A, D, Timing of agonist application is indicated by black
horizontal bars above traces.

Figure 6. GluK1 expression in OFF-bipolar cells. Confocal projections showing vertical sec-
tions of macaque retina double labeled for the KAR subunit GluK1 (green) and bipolar cell
markers (magenta). A, GluK1 immunoreactivity in DB2 cells, which form a subpopulation of the
GLT-1-labeled bipolar cells. B, GluK1 immunoreactivity in DB3b cells, which form a subpopula-
tion of the CaBP5-labeled bipolar cells. DB3a cells and two ON-bipolar cell types are CaBP5-
positive but are shown to be negative for GluK1 in E and F. C–F, GluK1 immunoreactivity is
absent from recoverin (Rec)-immunoreactive FMB cells (C), secretagogin (SCGN)-
immunoreactive DB1 cells (D), calbindin (CalB)-immunoreactive DB3a cells (E), and ON-bipolar
cells, all of which are Islet-1-immunoreactive (ON B) (F ). The square regions of interest are
shown enlarged in the bottom. Scale bar, 10 �m.
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fluorescence in the outer plexiform layer is necessarily overex-
posed in Figure 6, compared with the images shown in Figure 7.
Double labeling with antibodies against GLT-1, a marker of DB2
and FMB cells (Grünert et al., 1994; Jacoby et al., 2000), revealed
a subpopulation of bipolar cells that were GluK1-positive (Fig.
6A). The double-labeled cells were identified as DB2 cells because
GluK1 immunoreactivity is absent in FMB cells (Fig. 6C; FMB
identified with antibodies against recoverin) (Milam et al., 1993).
Double labeling experiments with antibodies against CaBP5, a
marker for DB3a, DB3b, and two ON type bipolar cells (DB4 and
rod bipolar cells) (Haverkamp et al., 2003; Puthussery et al.,
2013) revealed a subpopulation of cells that were also GluK1-
positive (Fig. 6B). We conclude that these were DB3b cells be-
cause GluK1 immunoreactivity was absent from DB3a cells (Fig.
6E; labeled with calbindin) (Grünert et al., 1994; Puthussery et al.,
2013), and all ON cone bipolar cells (Fig. 6F; labeled with anti-
bodies against Islet-1) (Haverkamp et al., 2003). Finally, we
found that DB1 cells, which were labeled with antibodies to secre-

tagogin (SCGN) (Puthussery et al., 2011), lacked GluK1 immu-
noreactivity (Fig. 6D). In summary, our results suggest that DB2
and DB3b cells express GluK1 and have desensitizing responses
to ATPA (Fig. 5). The absence of the GluK1 subunit in FMB, DB1,
and DB3a cells suggests that these cells express GluK2 or GluK3 as
their low-affinity subunit.

NETO proteins contribute to functional heterogeneity of
retinal KARs
As noted above, an unusual feature of ATPA-evoked currents in
FMB, DB1, and DB3a cells was the appearance of rebound tail
currents upon cessation of agonist application (Fig. 5A). Similar
tail currents have been attributed to heteromeric KARs in expres-
sion systems containing both low-affinity (GluK1–3) and high-
affinity (GluK4 –5) subunits (Mott et al., 2010; Fisher and Mott,
2011), and are markedly enhanced by coexpression of the KAR
auxillary protein, Neto1 (Fisher and Mott, 2013). In addition,
KAR heteromers that contain the GluK4/5 subunits, together
with Neto1, show larger rebound currents with increasing ago-
nist concentration (Fisher and Mott, 2013). Thus, we looked for a
concentration-dependent effect of glutamate on the magnitude
of the rebound currents. Although 0.5 mM L-glutamate did not
produce obvious tail currents in FMB, DB1, or DB3a cells (Fig.
1A), increasing glutamate concentration to 1 mM resulted in clear
rebound currents in these cell types (Fig. 7A). Example record-
ings from two FMB cells using different puff durations show that
the rebound tail current commenced at the end of the pressure
pulse, when the L-glutamate concentration began to decrease
(Fig. 7A). In this context, it is noteworthy that FMB, DB1, and
DB3a cells exhibited prominent steady-state currents in response
to ATPA or glutamate (Figs. 1A and 5A).

Next, we used immunohistochemistry to determine whether
Neto1 is expressed in the macaque outer retina. We observed
punctate immunolabeling for Neto1 that was confined to the
outer plexiform layer (Fig. 7B). Double labeling with antibodies
to PSD-95 showed that Neto1 immunoreactivity is localized at
the base of cone pedicles (Fig. 7C,D), the site where OFF cone
bipolar cells contact cones. We sought to determine the follow-
ing: (1) which low-affinity KAR subunits (GluK1–3) were asso-
ciated with Neto1; and (2) whether Neto1 expression was
associated with bipolar cells that showed sustained, nondesensi-
tizing responses to glutamate or ATPA application (FMB, DB1, or
DB3a cells). We used super-resolution structured illumination mi-
croscopy (SR-SIM), which allows localization of these synaptic
proteins with a spatial resolution of �100 nm. Analysis of 23 cone
pedicles from three animals indicated that colocalization between
Neto1 and GluK1 immunoreactive puncta was low (Fig. 7E–G;
9.3 	 2.1% of Neto1 puncta were colocalized with GluK1, see
Materials and Methods), suggesting that Neto1 is not associated
with the GluK1 subunit and thus is not expressed by DB2 and
DB3b cells, which do express the GluK1 subunit (Fig. 6). As out-
lined above, we assume that FMB, DB1, and DB3a cells express
the GluK2 and/or the GluK3 subunits, and thus conclude that the
majority of Neto1 puncta are associated with the GluK2/3 sub-
units at the dendrites of FMB, DB1, and DB3a cells. We could not
show this directly because both antibodies (Neto1 and GluK2/3)
were raised in the same species. However, double labeling with
antibodies for SCGN (a marker for DB1 cells) (Puthussery et al.,
2013) showed Neto1 localization at the dendritic tips of DB1 cells
(Fig. 7H–J). It is important to note that Neto1 puncta were not
exclusively localized on DB1 dendrites, suggesting that Neto1
also associates with KARs on FMB and DB3a dendrites. These
immunolabeling results, together with our functional data, sug-

Figure 7. Synaptic localization of Neto1 in macaque outer retina. A, Examples of re-
bound currents in two FMB cells in response to application of 1 mM glutamate. Timing of
agonist application is indicated by bars above traces. Note the increase in inward current
after the offset of the drug in each case. B, Confocal projection showing a vertical section
of macaque retina labeled for Neto1 (green). Note that Neto1 expression is confined to
clusters in the OPL and is absent from the IPL. Left, Transmitted light view of the same
retinal section with retinal layers indicated. ONL, Outer nuclear layer; GCL, ganglion cell
layer. C, D, Confocal micrograph of macaque outer plexiform layer labeled for Neto1
(green) and the photoreceptor marker, PSD-95 (magneta), which outlines the rod and
cone terminals. Neto1 is clustered at the base of cone pedicles (indicated by arrows). E–G,
SR-SIM images showing single optical sections of different cone pedicles labeled for Neto1
(green) and GluK1 (magenta). Bottom, Merged images. Note the lack of overlap between
the GluK1 puncta and Neto1 puncta. H, Projected SR-SIM z-stack showing the primary
dendrite and branches of a DB1 cell, labeled with SCGN (magenta), and Neto1 staining
(green). Dotted rectangle represents the location of the dendritic tips at the base of a cone
pedicle in the OPL. I, J, Single optical sections through different focal planes of the cone
pedicle outlined in H. Bottom, Merged images. Note colocalization of some Neto1 puncta
with DB1 dendrites (arrows). Scale bars: B, 10 �m; C–J, 5 �m.
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gest that Neto1 is associated primarily
with GluK2 or GluK3 receptors in OFF-
bipolar cells that exhibit relatively sus-
tained responses to agonist application
(FMB, DB1, DB3a). Moreover, the pres-
ence of rebound tail currents in these cell
types indicates that GluK2/3 subunits are
likely coexpressed with high-affinity KAR
subunits (see Discussion).

Discussion
We have demonstrated that the OFF cone
bipolar cell types that feed into the major
sustained and transient ganglion cell types
in macaque retina (midget and parasol
cells) receive glutamatergic input through
KARs. Our immunohistochemical, phar-
macological, and electrophysiological ev-
idence further demonstrates that different
OFF-bipolar cell types show heterogene-
ity in their KAR expression (for summary,
see Fig. 8). Given the different response
properties during glutamate application,
we propose that, in primate retina, KAR
heterogeneity may contribute to the tem-
poral tuning properties of OFF-bipolar
cells, and hence also ganglion cells, as dis-
cussed below. The results indicate that
AMPA receptors are not required to sup-
port transient signaling in the macaque
OFF transient (parasol) pathway.

Role of KAR heterogeneity in temporal tuning
The relatively sustained responses of FMB cells during prolonged
agonist application seem appropriate to support signaling to
midget ganglion cells at low temporal frequencies. In contrast,
sustained agonist application produced relatively transient
KAR-mediated responses in DB2 and DB3b cells, indicating
stronger desensitization, which will tend to attenuate low tem-
poral frequency signals. Cell-type-specific expression of AM-
PARs and KARs in OFF-bipolar cells of ground squirrel have
led to the proposal that different rates of recovery from desen-
sitization might contribute to diverse temporal tuning in OFF-
bipolar cells (DeVries, 2000; DeVries et al., 2006). Our results
indicate that, at least for OFF parasol ganglion cells, transient
signaling can be supported in the absence of AMPAR-
mediated input to OFF-bipolar cells. Overall, diverse KARs,
displaying differences in the magnitude and kinetics of desen-
sitization, might contribute to temporal tuning in the various
primate OFF-bipolar cells. Further experiments will be neces-
sary to examine this possibility.

Subunit composition of KARs in macaque OFF-bipolar cells
Our immunohistochemical results indicate that DB2 and
DB3b cells express GluK1 as their low-affinity subunit,
whereas FMB, DB1, and DB3a likely express GluK2 and/or 3.
In accord with these results, ATPA-activated currents in DB2
and DB3b cells were relatively transient and showed long-
lasting desensitization, similar to GluK1-mediated currents in
dorsal root ganglion neurons and a heterologous expression
system (Paternain et al., 2000; Wilding and Huettner, 2001;
Kerchner et al., 2002). In contrast, ATPA currents in FMB,
DB1, and DB3a cells were slower to desensitize, similar to

heterologously expressed GluK2/5 (Paternain et al., 2000),
and faster to recover, similar to cultured hippocampal neu-
rons (Wilding and Huettner, 2001).

In addition to differences in low-affinity subunits, the pres-
ence of high-affinity subunits or auxiliary proteins can contribute
further to KAR diversity. We observed rebound inward tail cur-
rents at the offset of agonist application in FMB, DB1, and DB3a
cells. Previous studies indicate that such tail currents arise from
heteromeric combinations of low- and high-affinity subunits and
can be explained by a model in which the high-affinity subunit
mediates channel opening whereas the low-affinity subunit me-
diates desensitization. As agonist concentration falls at the end of
a pressure pulse, rapid unbinding from the low-affinity subunit
relieves desensitization, allowing channels to reopen due to con-
tinued occupation of the high-affinity binding site (Mott et al.,
2010; Fisher and Mott, 2011, 2013). The rebound tail currents
observed in FMB, DB1, and DB3a cells point to expression of
heteromeric receptors containing high-affinity subunits. Al-
though rebound currents have been observed in expression sys-
tems, they have not, to our knowledge, been demonstrated
previously in native KARs. It will be interesting to determine the
identity of the putative high-affinity subunits and whether such
rebound currents can contribute to physiological responses of
primate OFF-bipolar cells.

We have shown that the KAR auxillary protein, Neto1, is clus-
tered at the base of cone pedicles, as has been shown in mouse and
ground squirrel retina (Chow et al., 2004; Lindstrom et al., 2014).
However, in contrast to the ground squirrel, Neto1 puncta in
macaque were largely segregated from GluK1 puncta, and thus
were presumably localized to bipolar cells containing GluK2 or 3
as their low-affinity subunit. Consistent with this idea, DB1 den-
drites express Neto1 puncta (Fig. 7) and lack GluK1 subunits. The

Figure 8. Summary of KAR distribution and functional properties in macaque OFF cone bipolar cells. The five OFF-bipolar
cell types are illustrated at the top, and their ganglion cell targets or putative targets are shown (i). (ii) ACET sensitivity data
are shown in Figure 1. (iii) ATPA/Glu desensitization data are shown in Figures 1 and 5. (iv) Recovery from ATPA desensi-
tization is shown in Figure 5. (v) GluK1 subunits were localized to DB2 and DB3b cells. The other cell types lack GluK1 and
presumably express GluK2 and/or 3 subunits as their low-affinity subunits (Fig. 6). (vi) Neto1 was localized to DB1 dendrites
(Fig. 7); and because it was not seen on DB2 and DB3b cells, we propose that the remaining Neto1 staining likely is present
on FMB and DB3a cells. (vii) Prominent rebound tail currents have been observed in heteromeric KARs containing a
high-affinity subunit in conjunction with the Neto1 accessory protein (Fisher and Mott, 2013). Rebound currents are shown
in Figures 5 and 7. n.d., Not determined.
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modulatory effects of Neto1 depend on KAR subunit composi-
tion (Copits et al., 2011; Straub et al., 2011; Tomita and Castillo,
2012; Fisher and Mott, 2013). For example, Neto1 cotransfection
markedly increased the magnitude of rebound tail currents in
GluK1/5, GluK2/5, GluK3/5, or GluK2/4 heteromers (Fisher and
Mott, 2013) and produced a rightward shift in the concentration
dependence of desensitization. Straub et al. (2011) showed that
coexpression of Neto1 with GluK2/5 slowed the rate of deactiva-
tion and desensitization but accelerated recovery from desensiti-
zation, resulting in larger steady-state currents during prolonged
agonist application. The presence of Neto1 in GluK2/3 expressing
FMB, DB1, and DB3a cells might reduce KAR desensitization,
thereby allowing these cells to produce sustained responses, and
expanding the temporal operating range to lower frequencies.
For the FMB cells, stronger responses at low frequencies are con-
sistent with the physiological properties of their postsynaptic tar-
gets, the midget ganglion cells. In summary, our results suggest
that temporal tuning in the primate OFF pathway may depend on
selective expression of KAR subunits, as well as KAR accessory
proteins.

AMPA receptors in primate OFF-bipolar cells
Immunohistochemical studies in macaque retina found that
GluA1 receptors are expressed at a small minority of OFF-
bipolar basal contacts with cone pedicles; however, the OFF-
bipolar types were not determined (Haverkamp et al., 2001a).
In marmoset outer retina, GluA1 but not GluK1 puncta were
assigned to FMB cells (Puller et al., 2007). These immunohis-
tochemical findings are in contrast to the current electrophys-
iological results, which demonstrate little functional
contribution of AMPA receptors in macaque OFF-bipolar
cells. Two previously postulated explanations for the sparse
GluA1 receptor expression in macaque OPL (Haverkamp et
al., 2001a) remain as possibilities: either there is a single AM-
PAR dominated OFF-bipolar type or all OFF-bipolar cells ex-
press both KARs and very low levels of AMPARs. Because we
have sampled the five known macaque bipolar cell types, the
former explanation would imply the existence of a rare,
AMPAR-driven cell type that was missed in this and previous
surveys (Boycott and Wässle, 1991; Haverkamp et al., 2003;
Puthussery et al., 2013). The second possibility is that any
functional AMPA receptors are distributed across all bipolar
cell types at very low density. Mixed AMPA/KAR expressing
bipolar cells have been identified in mouse, ground squirrel,
and rabbit retinas (Buldyrev et al., 2012; Light et al., 2012;
Puller et al., 2013; Lindstrom et al., 2014), where the contri-
bution of AMPARs was substantial in some cell types (�20%),
in contrast to our current findings. A third possibility is that
the GluA1 receptors that have been observed with immuno-
histochemistry represent AMPARs that could become func-
tional during activity-dependent constitutive cycling (Xia et
al., 2006, 2007; Jones et al., 2012), or insertion to synaptic loci
(Passafaro et al., 2001), during as yet, unspecified physiologi-
cal conditions.

It is interesting to note differences in the expression patterns
of glutamate receptors in OFF-bipolar cells across vertebrate spe-
cies. OFF-bipolar cells in salamander are driven primarily
through AMPARs (Maple et al., 1999; Cadetti et al., 2005). In
nonprimate mammals, GluK2/3 expression is only rarely found
in bipolar cells (e.g., mouse and ground squirrel) (Puller et al.,
2013; Lindstrom et al., 2014), whereas in primates, robust
GluK2/3 expression is found in OFF-bipolar cell dendritic tips
(Haverkamp et al., 2001b; Puller et al., 2007). As mentioned

above, Neto1 proteins may combine with different KAR subunits
across species. These comparative data indicate that caution is
warranted in predicting cross-order homology, and suggest that
different species might well use diverse signaling strategies to
generate similar functional properties.

KAR antagonists as selective blockers of the primate
OFF pathway
We found that the KAR antagonist, ACET, abolished spiking
in OFF-midget and OFF-parasol ganglion cells but had no
effect on spiking in ON-type ganglion cells. It is likely that the
effects of ACET were restricted to OFF-bipolar cell dendrites
because GluK1–3 subunits are absent from bipolar-to-
ganglion cell synapses in the IPL (Grünert et al., 2002), and
prior physiological studies implicate AMPA and NMDA re-
ceptors at these synapses (Jacoby and Wu, 2001; Buldyrev et
al., 2012). Thus, KAR antagonists might be used to selectively
suppress the primate OFF pathway at the level of the OPL,
similar to L-AP4 for the ON pathway (Slaughter and Miller,
1981, 1985). KAR antagonists could thus be valuable for de-
termining how ON- and OFF-pathway driven inputs combine
to generate the response properties of primate retinal ganglion
cells, and also offer a pharmacological tool for examining the
upstream effects of ON/OFF pathway interactions at higher
visual centers.

Note added in proof. After this manuscript had been ac-
cepted, Bourghuis et al. (2014) published similar findings in
mouse retina.
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Haverkamp S, Grünert U, Wässle H (2001a) The synaptic architecture of
AMPA receptors at the cone pedicle of the primate retina. J Neurosci
21:2488 –2500. Medline
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