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Program Number: 1609
Presentation Time: 11:00 AM–11:15 AM
Amacrine Cell-Ganglion Cell Gap Junctional Coupling, but not 
Ganglion Cell-Ganglion Cell Coupling, Underlies Long Range 
Interactions in the Retina
Kaushambi Roy, Stewart A. Bloomfield. Biological and Vision 
Sciences, SUNY, College of Optometry, Clifton, NJ.
Purpose: Widely separated retinal ganglion cells (RGCs) can show 
coherent light-evoked activity that is thought crucial for global object 
perception (Neuenschwander and Singer, 1996). Since the wide 
spatial separation between the RGCs precludes common bipolar 
cell input, we posit that gap junctional coupling between RGCs 
and polyaxonal (PAC) or wide field amacrine cells (WFACs) that 
express Cx36 underlies the coherence. We have reported that indirect 
coupling between ON α-RGCs via PACs/WFACs underlies coherent 
responses to global stimuli (ARVO 2016). However, whether direct, 
serial RGC-RGC coupling can also mediate long range coherent 
activity is unclear and so we tested this idea on RGCs that show only 
homologous coupling.
Methods: We targeted YFP-expressing ON and OFF α-RGCs in 
transgenic Kcng/Thy1(kcng4) mice. Light-evoked spike activity 
was recorded from pairs of widely separated OFF α-RGCs, which 
show both homologous and heterologous coupling. The kcng4 mice 
were crossed with Cx36 knockout (KO) mice to obtain OFF α-RGCs 
that only showed homologous coupling to OFF α-RGC neighbors. 
Crosscorrelogram functions (CCFs) were computed from responses 
to rectangles of light restricted to the separate receptive fields of RGC 
pairs or to a contiguous rectangle that spanned both receptive fields.
Results: Recordings made from pairs of ON α-RGCs showed 
significant coherence in response to a global light stimulus, which 
was lost when coupling to PACs/WFACs was ablated in Cx36 KO 
mice. Likewise, recordings made from pairs of OFF α-RGCs also 
showed strong coherent activity when a global stimulus  
was presented. However, in kcng4/Cx36 KO crossed mice, in  
which coupling to PACs/WFACs was ablated, but direct OFF  
α-RGC-to-OFF α-RGC coupling remained, the coherent activity to 
global stimulation was lost.
Conclusions: Our results indicate that gap junctional coupling 
via Cx36 between PACs/WFACs and ON and OFF α-RGC is 
critical to the coherent spike activity seen in response to global 
object presentation. In contrast, direct serial RGC-RGC coupling is 
inadequate to produce long-range coherent activity. These results 
suggest that the functional roles played by homologous coupling 
between RGCs are limited to local interactions.
Commercial Relationships: Kaushambi Roy, None; 
Stewart A. Bloomfield, None
Support: NIH Grants EY007360 and EY026024

Program Number: 1610
Presentation Time: 11:15 AM–11:30 AM
Elevated ambient pressure modulates AMPA receptor expression 
in retinal ganglion cells
Scott A. Nawy, Asia L. Cahill. Department of Ophthalmology and 
Visual Sciences, University of Nebraska Medical Center, Omaha, NE.
Purpose: To test the hypothesis that elevated hydrostatic pressure 
induces an increase in Ca2+-permeable AMPA receptors (CP-
AMPARs) in an in vitro model of glaucoma.

Methods: Retinal ganglion cells (RGCs) from newborn mice were 
maintained in a mixed culture for up to 28 days. At 7-10 DIV, cultures 
were subjected to a hydrostatic pressure of 45-50 mm Hg for 14-18 
hours by placing them in a custom designed chamber in a humidified 
atmosphere at 37 ° C and 5% CO2. Functional measurements of 
CP-AMPAR surface expression were obtained by evoking AMPA 
currents in the absence and presence of CP-AMPAR blockers. To 
confirm that RGCs were consistently targeted for recording, a subset 
of cells were filled with neurobiotin, fixed and labeled with TUJ 1, an 
antibody that recognizes beta III tubulin, a reliable marker of RGCs. 
Both TUJ 1 and SMI-32, which labels putative α RGCs were used to 
visualize RGCs for morphological analysis.
Results: We elicited AMPA currents in the absence and presence of 
100 µM PhTX 74, which blocks AMPARs that contain the GluA1,3 
or 4 subunits. In control cells, a minority of the total AMPA current 
was conducted by CP-AMPARs (27.7 ± 3.0%; n=22 cells). When 
measured between 1-5 days after pressure treatment, cells from sister 
cultures increased expression of CP-AMPARs, resulting in increased 
conduction of AMPA current through CP-AMPARs (50.0 ± 3.3%; 
n=17 cells), a highly significant difference (p<0.0001; unpaired 
t-test). spontaneous EPSCs (sEPSCs) could often be observed in 
RGCs. To determine the relative proportion of CP-AMPARs at 
postsynaptic sites, we blocked sEPSCs with PhTX 74. In control 
cells, PhTX reduced the mean amplitude of sEPSCs by 57.4 ± 6.7%. 
The spontaneous frequency was also reduced, most likely due to a 
reduction in excitatory tone of RGCs providing synaptic input to the 
recorded cell. The effect of PhTX 74 was more dramatic in pressure 
treated RGCs, blocking sEPSCs almost completely. This is consistent 
with the hypothesis that elevated pressure drives insertion of CP-
AMPARs into synapses. TuJ 1 and SMI-32-labeled RGCs revealed 
an increase in membrane blebbing 1-5 days after treatment with 
pressure. After 5 days, the number of RGCs was reduced by 32.5 ± 
13% relative to control cultures.
Conclusions: Elevation of hydrostatic pressure to moderate levels 
for 14-18 hours is sufficient to promote an increase in synaptic and 
nonsynaptic CP-AMPARs, and to induce apoptosis in RGCs in vitro.
Commercial Relationships: Scott A. Nawy, None; Asia L. Cahill
Support: RPB unrestricted award

Program Number: 1611
Presentation Time: 11:30 AM–11:45 AM
Two Photon, Label-free Imaging of Mitochondrial Dysfunction in 
Retinal Ganglion Cells
Jasmine S. Yung, Heather K. Mak, Heidi Ng, Xu Cao, 
Christopher K. Leung. Department of Ophthalmology and Visual 
Sciences, The Chinese University of Hong Kong, Hong Kong, Hong 
Kong.
Purpose: While imaging and measurement of the retinal 
nerve fiber layer thickness is a prevailing method to detect and 
monitor optic nerve degeneration in clinical practice, the lack of 
quantitative intravital imaging precludes the characterization of 
metabolic function of retinal ganglion cells (RGCs). Mitochondrial 
nicotinamide adenine dinucleotide (NADH) and flavin adenine 
dinucleotide (FAD) are autofluorescent electron carriers in the 
electron transport chain which play a pivotal role in maintaining 
the metabolic function of neurons. With two-photon imaging, we 
measured the levels of NADH and FAD, quantified the redox ratio 
FAD/(FAD+NADH), and investigated their changes in RGCs after 
axon injury.
Methods: NADH and FAD were excited at 720-740nm and 900nm, 
and detected at 420-510nm and 520-620nm, respectively. The 
distribution of mitochondrial NADH in HeLa and cultured RGCs 
isolated from P6 SD rats RGCs was confirmed with colocalization 
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with mitochondrial markers Rh123 and TMRM. Changes of the 
NADH and FAD levels were quantified in rat RGCs before and after 
laser-induced axonal injury (n=5) and in retinal explants after optic 
nerve crush (n=6). Redox ratio of individual RGC was calculated by 
the ratio of fluorescent intensity of FAD/(FAD+NADH). Apoptosis 
was detected by AnnexinV and propidium iodide.
Results: Compartment specific NADH colocalized with 
mitochondrial markers in HeLa cells and RGCs. After laser-induced 
injury, a 0.51 ± 0.16-fold decrease in NADH fluorescence and a 
0.58 ± 0.32-fold increase in NADH-FAD redox ratio was detected 
at 30min (Fig 1) which preceded progressive retraction of proximal 
axon and induction of apoptosis. In the retinal explants, the average 
NADH level decreased by 0.27 ± 0.2-fold while FAD level increased 
by 1.73 ± 0.64-fold 3 days after optic nerve crush compared with 
controls. Areas with redox ratio above 0.6 were PI-positive.
Conclusions: Two-photon redox imaging of NADH and FAD 
facilitates non-invasive, label-free interrogation of mitochondrial 
function in RGCs. An increase in the redox ratio likely represents 
an early biomarker of metabolic stress in RGCs. Tracking the FAD/
FAD+NADH redox ratio can provide a novel approach for early 
detection and monitoring of RGC degeneration.

Fig 1. Redox imaging of a P6 rat RGC after laser-induced injury. An 
increase in redox ratio FAD/(FAD+NADH) preceded the progressive 
axonal retraction after laser-induced injury.
Commercial Relationships: Jasmine S. Yung, None; 
Heather K. Mak, None; Heidi Ng, None; Xu Cao, None; 
Christopher K. Leung, Alcon (R), Carl Zeiss (F), Santen (R), Merck 
(R), Oculus (F), Alcon (C), Glaukos (F), Carl Zeiss Meditec (P), 
Allergan (R), Optovue (F), Global Vision (R), Tomey (F), Tomey (R), 
Novartis (R), Lumenis (R), Topcon (F), Allergan (C)

Program Number: 1612
Presentation Time: 11:45 AM–12:00 PM
A peculiar distribution pattern of retinal ganglion cells in the 
giant panda (Ailuropoda melanoleuca)
Wenyao Wang1, Chengdong Wang3, yuan zhou1, Rongping Wei3, 
Yan Nan1, Linhua Deng3, Jie Gao1, Chun Zhang2, Desheng Li3, 
Mingliang Pu1. 1Anatomy/Embryolog, Peking University, Beijing, 
China; 2Peking University Third Hospital, Beijing, China; 3China 
Conservation and Research Center for the Giant Panda(CCRCGP), 
Chengdu, China.
Purpose: Characterize the vertical distribution pattern of retinal 
ganglion cells in the giant panda.
Methods: Four eyeballs were immediately collected from deceased 
adult pandas. For comparison, a pair of eyeballs was from one young 
adult cat. The eyecups were quickly fixed with 4% paraformaldehyde 
at room temperature for one hour. The retinas were then dissected 
from the retinal pigment epithelium, and 3–4 radial cuts were made to 
flatten the retina. Routine immunohistochemical staining techniques 
were applied to label retinal ganglion cells (RGCs). RNA-binding 
protein with multiple splicing (RBPMS) was used as an RGC 
marker to selectively label RGCs (custom-made by ProSci Inc, CA). 
Immunostained RGCs were scanned under confocal microscopy and 
analyzed with commercial software (Adobe Photoshop and Microsoft 
Excel).
Results: As expected, the isodensity map of RGCs in the cat 
exhibited a typical horizontally positioned visual streak, in contrast, 
that of the panda showed a vertically oriented isodensity RGCs 
band. This band crossed the center of AC-like peak density region 
and extended vertically from the superior to the inferior retina (5.22 
± 0.46 mm, n=3). The averaged width of the band was 2.18 ± 0.32 
mm (n=3). The averaged soma size within the band increased with 
eccentricity. It was 18.13 ± 3.33 µm at the center of the AC-like 
region. The soma size increased at different eccentricities in the 
inferior retina (1mm: 17.93 ± 3.01 µm; 3mm: 20.18 ± 3.63 µm) and 
the superior retina (1mm: 17.3 ± 3.29 µm; 3mm: 19.78 ± 3.85 µm). 
Furthermore, RGCs in the inferior retina appeared larger than those 
observed in the superior retina (Inferior: 19.08 ± 3.22 µm; Superior: 
18.48 ± 3.6 µm).
Conclusions: The present study suggests that the giant panda adopted 
a retinal structure that is essential for better visual performance and 
survival. These morphological characteristics of RGCs could be 
important for understanding visual adaptation and evolution of this 
living fossil.
Commercial Relationships: Wenyao Wang, None; 
Chengdong Wang, None; yuan zhou, None; Rongping Wei, None; 
Yan Nan, None; Linhua Deng, None; Jie Gao, None; Chun Zhang, 
None; Desheng Li, None; Mingliang Pu, None
Support: National Science Foundation of China grant 30831160516

Program Number: 1613
Presentation Time: 12:00 PM–12:15 PM
Chromatic and achromatic response properties of blue-on cells in 
marmoset lateral geniculate nucleus
Paul R. Martin1, Calvin Eiber1, Alexander Pietersen1, Natalie Zeater1, 
Samuel Solomon2. 1Save Sight Institute, University of Sydney, 
Sydney, NSW, Australia; 2University College, London, United 
Kingdom.
Purpose: In retina of diurnal primates, the small bistratified ganglion 
cell type shows “blue-on/yellow-off” receptive field properties as 
consequence of on-type input originating in short-wave sensitive (S) 
cones and off-type input originating in medium/long-wave sensitive 
(ML) cones (Dacey and Lee, Nature, 1994). Responses to achromatic 
stimuli in blue-on cells in retina, and responses of blue-on cells in 
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lateral geniculate nucleus, are assumed to be linearly proportional 
to summed activity of the S-cones within the receptive field, less 
summed activity of the ML cones within a corresponding region. We 
tested this hypothesis.
Methods: Extracellular recordings of isolated unit responses to 
cone-selective and achromatic drifting gratings were made in 
Sufentanil-anesthetised marmosets. Single-Gaussian and Difference-
of-Gaussian receptive fields were fit to spatial frequency tuning 
curves (N=45 cells) and contrast tuning curves (N = 22). A predicted 
achromatic spatial tuning curve was generated from the S- and ML-
cone-isolating gratings. Akaike information criterion was applied to 
identify the best spatial receptive field model.
Results: The best spatial model for 28 cells comprised single-
Gaussian fields in each of S and ML subunits. Other cells required 
difference-of-Gaussians in S and/or ML subunits. The prediction 
error for the achromatic data was less than 5 impulses/s in 70% of the 
cells. Analysis of contrast tuning curves shows that the achromatic 
response is attributable to less-than-180 degrees phase delay between 
ML and S subfields (mean 171.4 deg. [9.5 ms at 5 Hz]; s.d. 21.7 deg 
[0.01 ms])
Conclusions: A linear sum of opponent cone inputs with distinct 
response latency explains achromatic responses in blue-on cells. 
About 60% of blue-on cells show overlapping (“Type II”) S and ML 
subfields; the remainder show more complex spatial properties.
Commercial Relationships: Paul R. Martin, None; Calvin Eiber, 
None; Alexander Pietersen, None; Natalie Zeater, None; 
Samuel Solomon, None
Support: NHMRC 1081441; ARC CE140100007

Program Number: 1614
Presentation Time: 12:15 PM–12:30 PM
Properties of retinogeniculate synapses of intrinsically 
photosensitive retinal ganglion cells
Ryan T. Maloney, Scott Cruikshank, David M. Berson. Neuroscience, 
Brown University, Box GL-N, RI.
Purpose: Intrinsically Photosensitive Retinal Ganglion Cells 
(ipRGCs) provide absolute luminance signals to the dorsal lateral 
geniculate nucleus (dLGN), but how the dLGN intergrates this input 
is unclear. To explore the relevant synaptic networks, we asessed the 
effects of selective activation of ipRGC afferents on postsynaptic 
thalmocortical cells (TCs) in the dLGN.
Methods: We made patch-clamp recordings from postsynaptic 
thalamocortical cells (TCs) in dLGN slices while selectively 
stimulating ipRGC axons optogenetically. Channelrhodopsin2 was 
selectively expressed in ipRGCs by injecting a Cre-dependent virus 
into the eyes of heterozygous melanopsin-Cre mice (Opn4cre/+). The 
virus was an AAV2 carrying a flexed construct coding for mCherry-
Channelrhodopsin fusion protein, driven by the EF1 alpha promoter. 
Virus was injected neonatally (P7-10) and retinas harvested 4-6 
weeks later for recording (age P40-P50). In live coronal slices of 
the dLGN (300 µm thick), TCs were targeted visually based on 
proximity to fluorescent mCherry-labeled ipRGC terminals. For each 
cell, we measured the response to trains of optical ipRGC-activating 
stimuli both in current clamp and voltage clamp. We varied the 
clamp potential of the recorded cell (Vhold) to differentiate between 
excitation and inhibition.
Results: We recorded a total of eight ipRGC-activated TCs in mouse 
dLGN slices. All cells exhibited both excitatory and inhibitory 
currents in response to optic activation of local ipRGC axons. The 
size of these currents varied dramatically. Excitatory currents ranged 
from 12 to 14,000 pA (measured at Vhold 

_75mV) and inhibitory 
currents ranged from 90pA to 1500 pA (Vhold 

_35mV). All synapses 
demonstrated synaptic depression and responded to stimuli trains 

up to a minute long. Additionally, a small subset of synapses (n=2) 
exhibited prolonged post-stimulus inhibitory responses, lasting up to 
30 seconds after stimulation of the ipRGC afferents.
Conclusions: Our results show that the synaptic connection between 
ipRGCs and TCs of the dLGN is highly variable. This diversity 
may be linked to the overall diversity of ipRGCs, several subtypes 
of which are thought to innervate the dLGN. This suggests that 
ipRGCs may play multiple functional roles in the processing of 
visual information in the dLGN. In ongoing experiments, we are 
quantitatively comparing these retinogeniculate synapses with those 
derived from conventional RGCs.
Commercial Relationships: Ryan T. Maloney, None; 
Scott Cruikshank, None; David M. Berson, None
Support: EY012793

Program Number: 1615
Presentation Time: 12:30 PM–12:45 PM
Developmental mechanisms for establishing functional non-
image-forming visual circuits
Onkar S. Dhande, Ann H. Phan, Tania A. Seabrook, 
Phong L. Nguyen, Jack T. Wang, Andrew Huberman. Neurobiology, 
Stanford University, Stanford, CA.
Purpose: The ability to reflexively adjust the aperture of the eye, 
termed pupillary light reflex (PLR), is critical for optimizing image 
quality over a wide range of lighting conditions. The olivary pretectal 
nucleus (OPN) is a key center in the brain that integrates visual 
information from multiple functionally distinct types of retinal 
ganglion cells (RGCs) in order to drive appropriate PLR behaviors. 
However, how this PLR circuitry is assembled during development 
and the causal relationships between specific RGC types and PLR 
behavior remains unresolved.
Methods: To identify factors that play an important role in the 
formation of the PLR circuitry we used a microarray-based approach 
to assay and compare the genetic profile of transgenically-labeled 
OPN projecting RGCs to other RGC subtypes including direction 
selective and alpha RGCs. To study the role of candidate factors 
identified from the microarray screen we used the Cre/loxP system 
to generate mutant mice. Using a combination of modern anatomical 
and quantitative behavioral assays we probed the role of these 
candidate factors in establishing the different parallel pathways 
innervating the OPN and investigated their contribution to various 
aspects of PLR behavior.
Results: We found transcripts for Tbx20, a T-box family transcription 
factor whose function in the nervous system is relatively unknown, 
are highly enriched in the different RGC types feeding the OPN. 
Loss of Tbx20 results in substantial reduction in retinal input to the 
OPN, which surprisingly did not significantly alter PLR behavior 
as tested at 10,000 lux with a 490nm LED source [% Constriction 
(mean ± s.e.m.) Control: 94.9 ± 0.6, n=9; Tbx20 mutant: 92.3 ± 0.75, 
n=10, p=0.5, one-way ANOVA]. However, when we removed Tbx20 
together with the gene encoding the photopigment Melanopsin we 
observed a severe defect in the PLR (Melanopsin/Tbx20 mutants: 
59.5 ± 2.2, n=6, p<0.0001).
Conclusions: Our results reveal that Tbx20 is preferentially 
expressed by non-image forming RGCs that innervate the OPN 
and Tbx20 expression is essential for the development of the PLR 
circuitry. We discovered that Tbx20-RGCs play an important role 
in driving PLR but their contributions are likely masked by a more 
dominant driving force from other Melanopsin-expressing RGCs. 
Together these findings further understanding of the development and 
function of behaviorally relevant visual pathways.
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Commercial Relationships: Onkar S. Dhande; Ann H. Phan, 
None; Tania A. Seabrook, None; Phong L. Nguyen, None; 
Jack T. Wang, None; Andrew Huberman, None
Support: The Knights Templar Eye Foundation (O.S.D.),  
NIH R01-EY022157 and The Pew Charitable Trusts (A.D.H.)


