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Presentation Time: 11:00 AM–11:15 AM
The rates of visual information encoding in parallel retinal 
bipolar cell pathways
Bart G. Borghuis, Charles P. Ratliff. Anatomical Sciences and 
Neurobiology, University of Louisville, Louisville, KY.
Purpose: Bipolar cells (BCs) in the mammalian retina comprise 
about fourteen types. With few exceptions, all types sample from the 
same cone photoreceptors, yet their visual responses differ. While 
BC pathways exemplify parallel neural circuit architecture the extent 
of differences in their visual receptive fields and rates of visual 
information encoding remain unclear.
Methods: We used 2P fluorescence-guided whole-cell 
electrophysiology, white noise stimulation, and LN model analysis 
to measure receptive fields, and information theoretic methods to 
compute rates of information encoding in identified BC types in the 
whole-mount mouse retina. We compared information rates at the 
level of the excitatory synaptic input and membrane voltage across 
types, and related information rates of BCs to those of identified 
ganglion cells.
Results: Visual receptive fields of BC types 1, 4, and 6 and 7 showed 
minor spatial differences but substantial temporal differences. 
Information rates at the level of the membrane voltage response 
differed between types, from ~25 bits/s in type 7 to 45-50 bits/s in 
type 3a and 6 BCs. Information rates of the excitatory input exceeded 
those of the membrane voltage response by up to 45%, indicating 
that inhibition removes information, potentially reducing redundancy 
across types. α-Type ganglion cells showed similar information rates 
as BCs, 33–43 bits/s, whereas in δ-type ganglion cells the rate was 
lower, ~16 bits/s.
Conclusions: BC types differ in their rate of visual information 
encoding both at the level of excitatory input and membrane voltage 
response. The differences are modest (about 2.5-fold), and smaller 
than expected based on reported differences in synaptic response 
properties.

1. BC spatio-temporal receptive fields. (A) 2P-guided BC recording. 
(B) Receptive fields were measured by reverse-correlating a 
white noise stimulus and evoked response. (C) Receptive field 
maps (left) and Gaussian fits (right); r, radius at 2σ. (D) Temporal 
receptive fields of the cells in C. BC type 1 has longer time-to-peak 
(arrowhead) and response persistence (arrow).

2. Rates of visual information encoding in identified retinal neuron 
types. (A) BC response to 50 white noise stimulus repeats. (B) 
Information rates were calculated from the signal-to-noise ratio 
across temporal frequencies. (C) Information rates of identified BCs; 
OFF-α ganglion cell and unidentified amacrine cell included for 
comparison.
Commercial Relationships: Bart G. Borghuis, None; 
Charles P. Ratliff, None
Support: Ziegler Foundation for the Blind
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All bipolar cells encode irradiance in their output
Shai Sabbah1, Carin M. Papendorp1, Elizabeth Koplas1, 
Marjo Beltoja1, Cameron Etebari1, Ali N. Gunesch1, Luis Carrete1, 
Min Tae Kim1, Gabrielle Manoff1, Ananya Bhatia-Lin1, 
Henry Dowling2, Kevin L. Briggman3, David M. Berson1. 
1Neuroscience, Brown University, Providence, RI; 2Greenwich 
High School, Greenwich, CT; 3National Institute for Neurological 
Disorders and Stroke, National Institute of Health, Bethesda, MD.
Purpose: Intrinsically photosensitive retinal ganglion cells 
(ipRGCs) are the only retinal output cells that encode light intensity 
(irradiance). This capacity supports circadian, pupillary and 
neuroendocrine modulation by daylight. We asked which types of 
bipolar cells (BCs) transmit irradiance signals from rods and cones 
to ipRGC dendrites in the inner plexiform layer (IPL), and how they 
do so.
Methods: By serial electron microscopy (k0725), we identified 
1-3 examples of each type of ipRGC based on dendritic form, then 
reconstructed and classified BCs making ribbon contacts with them. 
We assessed glutamate release from BCs in response to 30s full-field 
light steps of various intensities by 2-photon imaging of iGluSnFR, 
expressed either selectively in ipRGCs or non-selectively in many 
RGCs and amacrine cells.
Results: In the inner IPL (classic ON sublayer), M2-M6 ipRGCs 
received input mostly from Type 6 ON BCs, with minor Type 7–9 
input. Such contacts were mostly standard dyads, with occasional 
monads. The weighting of inputs from these BC types was 
predictable from stratification patterns of BC axon terminals and 
ipRGC dendrites, assuming no cell-type specificity. By contrast, 
ipRGC dendrites in the outer IPL (‘accessory ON sublayer’; M1 and 
M6 cells) always avoided OFF BCs and received ribbon contacts 
only from ectopic ON-BC axons, in the form of monads. The ON-BC 
types providing such input mirrored those for inner ipRGC dendrites 
(Type 6 >> Types 7-9). Imaging confirmed sustained, irradiance-
encoding glutamate release onto ipRGC dendrites, but surprisingly 
this was not unique to them. The glutamate signal was sustained and 
irradiance-encoding throughout the IPL, even in the outer part of the 
classic ON sublayer where transient RGCs stratify, and in the classic 
OFF sublayer (in the form of tonic reductions in glutamate release). 
Nonetheless, irradiance signals did vary modestly with IPL depth, 
suggesting differences among BC types.
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Conclusions: Our data show that Type 6 BCs dominate the synaptic 
input to ipRGCs, regardless of ipRGC subtype, or synapse location 
or form. This input clearly encodes irradiance, but this capacity 
is not unique to Type 6 BCs; indeed, it may be shared by all BCs. 
This implies that the key locus for temporal filtering of sustained 
irradiance-coding signals in non-ipRGCs is postsynaptic to the BC 
axon terminal, perhaps through glutamate receptor kinetics, intrinsic 
membrane properties and/or feed-forward inhibition.
Commercial Relationships: Shai Sabbah, None; 
Carin M. Papendorp, None; Elizabeth Koplas, None; 
Marjo Beltoja, None; Cameron Etebari, None; Ali N. Gunesch, 
None; Luis Carrete, None; Min Tae Kim, None; Gabrielle Manoff, 
None; Ananya Bhatia-Lin, None; Henry Dowling, None; 
Kevin L. Briggman, None; David M. Berson, None
Support: R01 EY12793
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NMDA receptors contribute to excitatory synaptic input to 
dopaminergic amacrine cells in the mouse retina
Lei-Lei Liu, Nathan J. Spix, Dao-Qi Zhang. Eye Research Institute, 
Oakland University, Rochester, MI.
Purpose: Dopamine plays many important roles in visual function, 
including light adaptation. This neuromodulator is solely released 
by dopaminergic amacrine cells (DACs), which receive excitatory 
input from rods, cones and melanopsin-expressing intrinsically 
photosensitive retinal ganglion cells (ipRGCs). These synaptic inputs 
are known to be mediated by AMPA-type glutamate receptors. In the 
present study, we examined whether NMDA-type glutamate receptors 
also contribute to the DAC synaptic input.
Methods: Wild-type and transgenic/mutant mice were used for 
immunohistochemical staining and whole-cell voltage clamp 
recordings, respectively. Melanopsin-based responses of DACs 
were isolated by genetic deletion of rod/cone function or in retinal 
degeneration 1 mice in which rods and cones had degenerated.
Results: Mg2+ is known to block NMDA receptors when the resting 
membrane potential is less than -40 mV. We found that removing 
Mg2+ from the extracellular medium significantly increased the peak 
amplitude of melanopsin-based responses of DACs at a holding 
potential of -70 mV (n=4). In the absence of Mg2+, the global NMDA 
receptor antagonist D-AP5 (50 μM) reduced melanopsin-based 
responses by 73% (n=6). We then isolated NMDA receptor-mediated 
melanopsin-based responses by blocking AMPA/KA receptors. We 
found that Con-T, a GluN2A/2B-containing receptor antagonist, 
almost abolished NMDA-receptor-mediated light responses (n=5), 
whereas the GluN2A-containing receptor antagonist NVP077 (n=3) 
or a GluN2B-containing receptor antagonist Con-G (n=3) partially 
suppressed the responses. Immunohistochemical staining suggested 
that both GluN2A and GluN2B subunits are expressed in DAC 
somas and processes. Finally, we unexpectedly observed that CNQX 
(100 μM), a classic AMPA/KA receptor antagonist, substantially 
suppressed NMDA receptor-mediated light responses of DACs (n=4).
Conclusions: Our results suggest that GluN2A/2B-containing 
NMDA receptors contribute to excitatory synaptic transmission to 
DACs, and may be involved in mediating synaptic plasticity of the 
dopaminergic network during light adaptation.
Commercial Relationships: Lei-Lei Liu; Nathan J. Spix, None; 
Dao-Qi Zhang, None
Support: NIH Grant EY022640
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TARPγ2 is required for normal AMPA receptor expression and 
function in the inner retina
Teresa Puthussery1, 2, Todd Stincic1, 3, Gayet Jacqueline1, 
William R. Taylor1, 2. 1Casey Eye Institute, Oregon Health & Science 
Univ, Portland, OR; 2School of Optometry, University of California, 
Berkeley, Berkeley, CA; 3Physiology & Pharmacology, Oregon 
Health & Science University, Portland, OR.
Purpose: Transmembrane AMPA receptor regulatory proteins 
(TARPs) are auxiliary proteins that influence the synaptic targeting 
and functional properties of AMPA receptors. The identity and 
roles of TARPs in retina remain unclear. Here we provide an initial 
analysis of the localization, interactions and function of the TARP 
subunit, TARPγ2, in mammalian retina.
Methods: We used validated TARPγ2 antibodies (Neuromab) for 
immunohistochemistry in wild-type (wt) and stargazer mutant 
mice (stg), rabbit, macaque and human retinas. Levels of TARPg2 
and AMPA receptor subunit (GluA) expression were compared in 
stg and wt mice (n = 6 each) by quantifying relative fluorescence 
intensity as a function of inner plexiform layer (IPL) depth using 
choline acetyltransferase (ChAT) staining for depth calibration. 
Patch-clamp recordings were made from On-starburst amacrine cells 
in wholemount retina from adult stg mutant mice (n=19) and stg 
heterozygote (het) littermates (n=14).
Results: We observed punctate TARPγ2 immunostaining in the 
outer and inner plexiform layer of all species. This staining was 
absent in the stg mouse, which lacks TARPγ2 protein. In the IPL, 
the highest levels of TARPγ2 expression were at ~30% and ~70% 
depth, coincident with the stratification of the Off and On ChAT 
amacrine cells, respectively. Expression of GluA2, GluA3 and 
GluA4 was significantly reduced at the level of the Off- and On-
ChAT dendrites in stg vs wt mice (GluA2 at Off-ChAT p=0.003, 
GluA2 at On-ChAT, p=0.006, GluA3 at Off-ChAT p<0.0001, 
GluA3 at On-ChAT, p=0.001, GluA4 at Off-ChAT p=0.003, GluA4 
at On-ChAT, p=0.001). By comparison, GluA1 (GluA1 at Off-
ChAT p=0.89, GluA1 at On-ChAT, p=0.58) and PSD95 (PSD95 
at Off-ChAT p=0.73, PSD95 at On-ChAT, p=0.83) expression was 
unchanged. In On-SBACs from stg mice, the peak light-evoked 
excitatory conductance was reduced by 28% (het, 1.560.74±nS, 
stg 1.13±0.22nS, p=0.025) and the sustained component of the 
excitatory conductance was reduced by 50% (het, 0.61±0.37nS, stg 
0.30+0.18nS, p=0.005).
Conclusions: TARPγ2 is required for normal inner retinal synaptic 
expression of GluA2, GluA3 and GluA4 but not GluA1. The pattern 
of expression of TARPγ2 suggests a conserved role in the circuits 
involved in direction selectivity. The absence of TARPγ2 reduces 
excitatory input to On-SBACs, consistent with the observed reduction 
in AMPA receptor expression.
Commercial Relationships: Teresa Puthussery, None; 
Todd Stincic, None; Gayet Jacqueline, None; William R. Taylor, 
None
Support: NIH Grants: EY024265 (T.P.), EY014888 (W.R.T.), P30 
EY010572, Unrestricted grant from Research to Prevent Blindness 
(OHSU)
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Establishment of convergence at rod bipolar cell dendrites in 
postnatal mouse retina
Ivan Anastassov, Weiwei Wang, Felice Dunn. Ophthalmology, 
University of California San Francisco, San Francisco, CA.
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Purpose: Responses to dim stimuli start their efferent journey 
through the primary rod bipolar pathway where input from multiple 
rods is pooled into individual rod bipolar cells (RBC) at the first 
visual synapse. Convergence of rods is important for retinal function 
and depends on the development of a proper complement of dendritic 
tips and proteins in RBCs. It is yet unknown how the dendrites of 
RBCs develop and contact the right number of rods.
Methods: Retinas from the Grm6-TdTomato mouse line were taken 
at P8, 14, 21, 30 and 82. In this line, tdTom is expressed under 
the Grm6 promoter in individual RBCs, but expression is only 
observed in a small number of RBCs allowing for easy resolution 
and identification of individual cells. Grm6-Tom retinas were flat-
mounted and stained with antibodies against mGluR6, TRPM1, 
PKCa, Ribeye and Ctbp2. DiI injections were made in retinas of 
GustGFP mice where RBCs express GFP. Tissue was imaged with 
conventional and super-res confocal microscopy. Images were 
processed with ImageJ, cells were masked with Amira and analysis 
was performed in Prism and Matlab.
Results: Dendritic tip number increased from P8 (15.88±4.4; 
mean±sd) to P30 (56.31±3.77) and reached an asymptote at P82 
(58.33±10.95) with a saturating exponential fit constant t=21.75 days. 
Preliminary data from super res microscopy shows a higher dendritic 
tip number of 77±8.49/RBC at P82. RBC-associated mGluR6 puncta 
increased with age; at P8 we observed 23.56±3.75 puncta, reaching 
an asymptote at P82 with 52±8.68 puncta, t=9.79 days. Dendritic tip 
presence of mGluR6 and TRPM1 was examined at all ages; at P8, 
less than 50% of identified tips had both proteins present, this number 
gradually increased to ~75% of tips by P82, t=7.41 days. However, 
examination of individual protein presence within tips without bias 
to either protein, revealed that mGluR6 appeared with t=4.04 days 
compared to t=7.54 days for TRPM1. Furthermore, we encountered 
tips missing either protein at all examined ages.
Conclusions: RBCs target the appropriate number of rods during 
early postnatal development, as judged by our fixed tissue data 
and number of dendritic tips associated with each cell. At eye 
opening (P14), a scotopic ERG b-wave is present but only ~58% 
of morphologically identified tips have both mGluR6 and TRPM1. 
We propose that mGluR6 appears in RBC tips prior to TRPM1, 
suggesting that each protein is trafficked to tips independently.
Commercial Relationships: Ivan Anastassov, None; 
Weiwei Wang, None; Felice Dunn, None
Support: NIH Grant EY024815
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Optogenetic detection of spatial inhomogeneity of protons in the 
synaptic cleft during horizontal cell to cone feedback underlying 
lateral inhibition
Billie Beckwith-Cohen1, Lars Holzhausen2, Richard Kramer2, 1. 
1Vision Science, University of California, Berkeley, Berkeley, CA; 
2Department of Molecular and Cell Biology, University of California, 
Berkeley, Berkeley, CA.
Purpose: Recent work utilizing an optogenetic pH sensor has 
implicated protons as mediators of lateral inhibition in the 
zebrafish retina. We explore the spatial distribution of protons in 
the invaginating cone synapse with three 3 distinct optogenetic 
pH-sensors displayed at different subcellular locations within the 
synaptic cleft.
Methods: We genetically engineered 3 lines of zebrafish that 
express pH-sensitive GFP probes (pHluorins) fused onto different 
synaptic proteins in either cones or horizontal cells (HCs). We used 
the cone transducin promoter for cell-type specific expression of 
SynaptopHluorin (pHluorin fused onto the synaptic vesicle protein 

synaptobrevin) or CalipHluorin (pHluorin fused onto an accessory 
subunit of the L-type Ca channel). In HCs, we used the connexin-55 
promoter to express AMPApHluorin (pHluorin fused to the GluR2 
subunit of the AMPA receptor). Light-elicited changes in synaptic 
cleft pH were measured with 2-photon imaging of retinal whole-
mounts.
Results: In retinas expressing each pH probes, fluorescence intensity 
was up to 5% brighter immediately after a delivered light flash. 
The signal was blocked by HEPES, consistent with a change in free 
proton concentration (increase in pH) triggered by light. Fluorescence 
change increased with spot diameter and was seen with an annulus, 
observations consistent with HC feedback. As expected, the signal 
was eliminated with GYKI, an antagonist of ionotropic glutamate 
receptors found on HCs but not on photoreceptors. Full-field 
illumination for 500 msec caused a 5% increase in fluorescence 
with CalipHluorin, 1.8% increase with SynaptopHluorin, and 1% 
increase with AMPApHluorin (p<0.05). The pHluorin in each probe 
was identical, but exhibited a different expression pattern in the 
invaginating cleft. CalipHluorin and was highly localized to the 
center of the cleft, SynaptopHluorin was diffusely distributed, and 
AMPApHluorin was expressed predominantly in the cleft perimeter.
Conclusions: We measured light-elicited pH changes underlying 
lateral inhibition mediated by HC feedback. The proton gradient 
observed in the synaptic cleft raises a possibility that the source from 
which protons (or alternatively, a proton buffer) emanate lies central 
within the invaginating cleft and away from HC terminal perimeter.
Commercial Relationships: Billie Beckwith-Cohen, None; 
Lars Holzhausen, None; Richard Kramer, None
Support: NIH Grant EY024334
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Isolating the circuit components behind contrast adaptation 
within the Rod-Bipolar pathway
Gregory E. Perrin1, 2, Joseph Pottackal3, 4, Daniel Butts2, 1, 
Jonathan B. Demb4, 5, Joshua H. Singer2, 1. 1Program in Neuroscience 
and Cognitive Science, University of Maryland, College Park, 
MD; 2Biology, University of Maryland, Washington, DC; 
3Interdepartmental Program in Neuroscience, Yale University, New 
Haven, CT; 4Department of Ophthalmology & Visual Science, Yale 
University, New Haven, CT; 5Department of Cellular & Molecular 
Physiology, Yale University, New Haven, CT.
Purpose: Visual stimuli with significant temporal variability are 
encoded by a relatively small range of ganglion cell (GC) firing rates. 
Here, we assess stimulus coding by identified inner retinal circuits 
presynaptic to GCs by optogenetic and computational methods. 
We focus on a single computation, the gain control responsible for 
contrast adaptation.
Methods: Retinas were extracted from two strains of mice with  
Cre-mediated ChR2 expression in either rod bipolar (RB) cells or 
CRH-1 amacrine cells (ACs). Voltage-clamp recordings were made 
from ON alpha GCs, which receive input from RBs and CRH-1 ACs. 
RBs communicate with ON-alpha GCs as follows: RB->ON cone 
bipolar (CB)->GC (excitation) and RB->AII->ON cone bipolar  
(CB)->AC->GC (inhibition); CRH-1 ACs make direct inhibitory 
synapses onto ON-alpha GCs. With photoreceptor-mediated 
signaling blocked, temporally modulated white noise stimuli evoked 
ChR2-driven responses. Linear-Nonlinear (LN) and more complex 
nonlinear cascade models were used to analyze signal transfer and 
contrast adaptation.
Results: Excitatory synaptic inputs to ON-alpha GCs show 
contrast adaptation. This mechanism was sensitive to TPMPA (a 
GABACR antagonist), suggesting a role for presynaptic inhibition of 
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transmission from bipolar cells. The transformation from stimulus 
to synaptic current was captured by conventional LN models, but 
adapted forms of Nonlinear Input Models (NIMs) performed better 
(LN r2 = 0.61 [+/- 0.06], NIM r2 = 0.80 [+/- 0.05], with a gain 
change of 30% [+/-9%]). In the case of the CRH-1-GC circuit, no 
clear contrast adaptation was apparent, and LN models appeared to 
perform as well or better than NIM models.
Conclusions: These results suggest that the mechanism for gain 
control occurs primarily along the excitatory pathway onto ON-alpha 
RGCs, as contrast adaptation is not seen in the inhibitory input onto 
ON-alpha GCs from CRH-1 synapses. Finally, the success of NIMs 
relative to other models demonstrates that the mechanisms behind 
contrast adaptation are likely divisive (such as suppression), rather 
than subtractive.

Commercial Relationships: Gregory E. Perrin; Joseph Pottackal, 
None; Daniel Butts, None; Jonathan B. Demb, None; 
Joshua H. Singer, None
Support: US DoE GAANN (G.E.P.), NSF GRF (J.P), NIH R01 
EY021372-06 (J.B.D & J.H.S)


