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Program Number: 1023 Poster Board Number: B0205
Presentation Time: 3:15 PM–5:00 PM
Evolution of Adaptation in Vertebrate Photoreceptors
Ala Morshedian1, Gordon Fain1, 2. 1Integrative Biology and 
Physiology, UCLA, Los Angeles, CA; 2Ophthalmology, UCLA, Los 
Angeles, CA.
Purpose: Lamprey are cyclostomes, which diverged from jawed 
vertebrates (fishes, amphibians, mammals) in the Cambrian perhaps 
500 Mya. We previously showed that adult Petromyzon marinus 
has a duplex retina: rods respond to single photons, have a longer 
integration time, and are 80 times more sensitive than cones, 
much as in other vertebrates. Do lamprey photoreceptors also have 
mechanisms of light and dark adaptation like jawed vertebrates?
Methods: Single-cell measurements were made from rods and cones 
of Petromyzon marinus with suction recording as previously (Current 
Biology 25: 484–487, 2015).
Results: Responses to maintained steps of light decay as in other 
vertebrates with two time constants (taus in rods of 8s and 26s, in 
cones 800ms and 7.8s). Flash responses superimposed on steady 
backgrounds show decreases in sensitivity and changes in waveform 
in both rods and cones, also typical of other vertebrates. Backgrounds 
produce a decrease in maximum flash-response amplitude and an 
increase in the flash intensity necessary to produce a detectable 
response, with characteristic shifts of response-intensity curves 
along the intensity axis. Increasing background light had little effect 
on response onset but monotonically increased the rate of response 
decay. Sensitivity as a function of background intensity decreased 
by Weber’s Law in both rods and cones; rods show incremental 
saturation, and cones begin to adapt near the intensity at which rod 
saturation occurs. Bright bleaching light produces an equivalent 
background, with opsin in rods 7.5 x 10-6 times as effective in 
stimulating the cascade as Rh* (2 x 10-5 in mouse rods). The 
decreases in sensitivity and acceleration of response decay in stably 
bleached photoreceptors can be nearly completely reversed with 
exogenous 11-cis retinal.
Conclusions: Lamprey rods and cones adapt to backgrounds and 
bleaches with a phenomenology nearly identical to that of other 
vertebrates including mammals. Our experiments taken together with 
previous results show that primitive vertebrates before the divergence 
of jawed from jawless vertebrates had a duplex retina with rods 
and cones responding and adapting much like photoreceptors of 
other vertebrates. Nearly all of the mechanisms of transduction and 
sensitivity regulation seem to have evolved a relatively short time 
after the emergence of chordates.
Commercial Relationships: Ala Morshedian, None; Gordon Fain, 
None
Support: NIH EY0001844, grant from Great Lakes Fishery 
Commission

Program Number: 1024 Poster Board Number: B0206
Presentation Time: 3:15 PM–5:00 PM
Patch clamp recordings from mouse cone photoreceptores
Norianne T. Ingram1, 2, Gordon Fain1, 2, Alapakkam P. Sampath2. 
1Integrative Biology and Physiology, UCLA, Los Angeles, CA; 
2Ophthalmology, The Jules Stein Institute, UCLA, Los Angeles, CA.
Purpose: The difficulty of making physiological and biochemical 
measurements from mouse cones has proved a substantial hurdle to 

understanding their function; as a result, much more is known about 
mammalian rods than cones. We are able to identify and patch-clamp 
single, unlabeled mouse cones even though cones represent only 3% 
of mouse photoreceptors. Voltage-clamp recording gives tight control 
over the electronics of the clamped cell and has not been used to 
study mouse cone phototransduction.
Methods: Mouse retinas were isolated under infrared illumination. 
Slices were cut to maintain vertical circuitry. Recordings were made 
from individual cone somas recorded in voltage-clamp or current-
clamp in response to 405 nm light, which stimulates both spectral 
classes of cones equally.
Results: We present the first voltage and current recordings from 
the same mouse cone. The maximum photocurrent averaged 24.5 ± 
2.7 pA. (SEM, n =18) Wild-type (WT) cone flash and step responses 
show variable evidence of rod input, while Gnat1-/- cones do not 
show rod tails. We will also show flash and step responses of GCAP-/-  
and Rv-/- cones. A comparison of current and voltage responses in 
rods reveals significant temporal filtering: the photovoltage peaks 
before photocurrent and decays more rapidly. We do not see the same 
photovoltage speeding for mouse cones.
Conclusions: Individual mouse cones can be reliably located and 
patched in WT and other transgenic lines. Responses are 3-4 times 
larger than in previous studies using suction electrodes, yielding 
a greater signal-to-noise ratio. As the slice preparation maintains 
functional circuitry, our method can also be used to investigate the 
electrical properties of cones on a network level in addition to single-
cell analyses. We propose this method as a powerful technique for 
probing cone physiology.
Commercial Relationships: Norianne T. Ingram, None; 
Gordon Fain, None; Alapakkam P. Sampath, None
Support: EY001844, EY17606

Program Number: 1025 Poster Board Number: B0207
Presentation Time: 3:15 PM–5:00 PM
Identification of mouse mutant lacking cone vision
Catherine Cobb1, Nazarul Hasan1, Rui Ji1, Timothy Hoffman1, 
Ronald G. Gregg1, 2. 1Biochemistry and Molecular Genetics, 
University of Louisville, Louisville, KY; 2Opthalmology and Visual 
Sciences, University of Louisville, Louisville, KY.
Purpose: The goal of the research in the laboratory is to characterize 
proteins that are required for normal retinal function, and in particular 
those containing leucine rich repeats (LRR). Proteins containing these 
domains have been targeted because two such genes, Nyctalopin 
and LRIT3, contain LRRs, and mutations in these genes lead to 
the complete form of congential stationary night blindness because 
they are critical to depolarizing bipolar cell function. Because large 
numbers of such proteins are expressed in the retina we hypothesize 
others will have similar function.
Methods: We are using CRISPR/Cas9 screens to create mouse 
mutants lacking multiple LRR proteins. gRNAs that target multiple 
genes are injected into mouse embryos, and the founders are bred. 
After appropriate crosses are made, we identify mutant mice of 
interest using the ERG. In each mouse line that has an abnormal ERG 
we examine overall retinal structure, and the localization of DBC 
synaptic components including the markers PNA, pikachurin, ribeye, 
GPR179, and cone arrestin (mCAR).
Results: We have identified a mouse line that has a normal scotopic 
ERG, but lacks photopic a- and b-waves. This suggests either non-
functional cones or a complete absence of cones. We examined this 
by staining for the cone outer segment and synaptic marker PNA and 
mCAR. The results showed that the gross morphology of the retina 
is normal and that cones are present in normal numbers. We also 
examined expression of the DBC synaptic markers pikachurin and 
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ribeye. All showed a pattern indistinguishable from that in littermates 
that had a normal ERG.
Conclusions: The experiments have identified a new no-cone 
ERG mutant mouse line that has normal cone morphology. Current 
efforts are focused on using genetic and next-generation sequencing 
strategies to identify the causative mutation.
Commercial Relationships: Catherine Cobb, None; 
Nazarul Hasan, None; Rui Ji, None; Timothy Hoffman, None; 
Ronald G. Gregg, None
Support: EY012354-16

Program Number: 1026 Poster Board Number: B0208
Presentation Time: 3:15 PM–5:00 PM
The genetic basis of photoreceptor synaptic terminal structure
Dustin T. Whitaker1, 2, Hannah Fann1, Passley J. Hargrove1, 3, 
Amal Alsufyani1, 4, Matthew Brooks1, Soo-Young Kim1, 
Anand Swaroop1. 1National Eye Institute, Bethesda, MD; 
2Neuroscience, Texas A&M University, College Station, TX; 
3Biomedical Sciences, George Washington University, Washington, 
DC; 4Chemistry and Biochemistry, George Mason University, 
Fairfax, VA.
Purpose: Structure and function are intimately connected within 
the nervous system. Neurons, in the brain and retina, have a diverse 
array of cellular morphologies that are unique and specific among 
the different functional populations. While much work has been 
done to uncover the exact physiological reasons a cell class has its 
shape, we are still in the dark on the genetic contribution to these 
structures. Using two closely related function cell types, rod and 
cone photoreceptors, that have similar but distinct morphologies, 
we sought to investigate those genes that could be playing a role in 
defining the morphological differences between the two.
Methods: To accomplish our goal, we first quantitatively 
characterized rod and cone (and cone-like - having an intermediate 
structure between the two native types) synaptic terminal structures: 
terminal size, plexiform layer position, ribbon number, and presence/
absence of telodendrites. The transcriptional landscape of developing 
rod and cone-like photoreceptors along with transcription factor 
binding profiles of key regulators of photoreceptor fate to identify a 
more workable list of candidates, 720 in total. From this, we selected 
and knocked down approximately 10% of these genes (selected 
based on expression profiles and G.O. analysis) through in vivo 
electroporation of shRNAs combined with a rod-specific fluorescent 
reporter and assayed individual cell terminals through quantitative 
analysis of the pre-synaptic terminal structure, specifically the depth 
within the plexiform layer and the size of the terminals.
Results: We have currently found 18 genes (25%) whereby 
knockdown in rod photoreceptors resulted in differential 
morphological features that are more similar to the cone terminal 
than to the native rod, either in the size of the terminal, the position 
of it within the connective layer, or both. Confidence in these data 
is increased through knockdown of the same genes with different 
constructs as well as rescue of selected phenotypes.
Conclusions: Our data show that we can identify some of the 
molecular players that lead to cell-specific morphology in at least 
a subset of neurons. Current work is focused on finding loss of 
function mice that complement the morphology knockdown screen 
to see how this morphology affects the synaptic transmission. This 
work provides an in-depth look at the formation of a cell’s gross 
morphology and looks to link that structure with overall function.
Commercial Relationships: Dustin T. Whitaker, None; 
Hannah Fann, None; Passley J. Hargrove, None; Amal Alsufyani, 
None; Matthew Brooks, None; Soo-Young Kim, None; 
Anand Swaroop, None

Support: NEI Intramural Research Program

Program Number: 1027 Poster Board Number: B0209
Presentation Time: 3:15 PM–5:00 PM
Bicarbonate enters a rod thru its synapse to stimulate  
ROS-GC in its outer segment, whereas cones generate 
bicarbonate intracellularly from CO2
Clint L. Makino1, Alexandre Pertzev2, Rameshwar K. Sharma2, 
Teresa Duda2. 1Physiology & Biophysics, Boston University School 
of Medicine, Boston, MA; 2Research Divisions of Biochemistry and 
Molecular Biology, Salus University, Elkins Park, PA.
Purpose: Bicarbonate stimulates the membrane guanylate cyclase 
(ROS-GC) in rods and cones, increasing the circulating current and 
accelerating flash response kinetics. Experimentally, this effect is 
elicited by bicarbonate perfusion of rods and red cones attached to a 
piece of retina and of isolated red cones. Isolated rods do not appear 
to respond to bicarbonate. Red cones are thought to express carbonic 
anhydrase, so the apparent difference in bicarbonate uptake between 
rods and cones may be due to the ability of cones to convert CO2 to 
bicarbonate intracellularly.
Methods: Single rods and cones were recorded with a suction 
electrode while being perfused with bicarbonate with or without 
acetazolamide, a carbonic anhydrase inhibitor. In addition, 
recombinant ROS-GC activity was assayed with or without carbonic 
anhydrase in the presence of CO2, and with or without carbonic 
anhydrase and acetazolamide in the presence of CO2.
Results: In vitro ROS-GC activity was increased slightly by CO2 in 
the absence of carbonic anhydrase, but increased several fold when 
carbonic anhydrase was present; the latter stimulation was inhibited 
by acetazolamide. Isolated rods typically failed to respond to 
bicarbonate, but were able to do so in electrical recordings from the 
outer segment, if they retained their synaptic zone. Acetazolamide did 
not block the effect. But acetazolamide did block stimulation of ROS-
GC by bicarbonate in isolated red cones and in red cones attached to 
a piece of retina.
Conclusions: CO2 affects phototransduction by two modes. A rod 
takes in bicarbonate at its synapse. In contrast, a red cone expresses 
carbonic anhydrase that converts intracellular CO2 to bicarbonate.
Commercial Relationships: Clint L. Makino, None; 
Alexandre Pertzev, None; Rameshwar K. Sharma, None; 
Teresa Duda, None
Support: NIH Grant EY023980

Program Number: 1028 Poster Board Number: B0210
Presentation Time: 3:15 PM–5:00 PM
Regulation of phototransduction by GCAP1 and GCAP2 in 
mammalian cone photoreceptors
Vladimir J. Kefalov1, Frans Vinberg1, Igor V. Peshenko2, 
Alexander M. Dizhoor2. 1Ophthalmology & Visual Sciences, 
Washington University School of Medicine, Saint Louis, MO; 
2Pennsylvania College of Optometry, Salus University, Elkins Park, 
PA.
Purpose: The calcium (Ca2+) feedback on phototransduction in 
rods and cones is critical for setting the sensitivity and kinetics of 
their photoresponses and extending their operating range to brighter 
background light. A major component of this feedback is the 
synthesis of cGMP by Guanylyl Cyclase (GC), which is regulated 
by Guanylate Cyclase Activating Proteins 1 and 2 (GCAP1/2). The 
distinct contributions of GCAP1 and GCAP2 to the physiology of 
mammalian cones have not been directly tested. To address this 
question, we examined the function of mouse cones lacking GCAP1, 
GCAP2, or both.
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Methods: We used ex vivo ERG recordings to examine the light 
responses of cones from isolated mouse retinas. The retinas were 
perfused with physiological Locke’s solution containing synaptic 
blockers and Barium to isolate the photoreceptor component of the 
ex vivo ERG signal. All mice were bred on Gnat1-/- background to 
block rod signaling and facilitate cone physiology recordings. The 
Ca2+-dependent regulation of cGMP synthesis and transduction CNG 
channel current was studied by exposing retinas to low ~30 nM 
[Ca2+].
Results: Exposure of mouse retinas to low Ca2+ caused a transient 
>4-fold increase of the maximal cone response amplitude (Rmax) 
of WT cones. In contrast, mouse cones lacking both GCAP1 and 
GCAP2 did not show a large transient increase of Rmax in low 
Ca2+, indicating that this transient increase is mediated by GCAPs-
dependent upregulation of cGMP synthesis. Notably, exposure of 
GCAP1-deficient cones to low Ca2+ produced a transient response 
increase comparable to that of WT cones indicating that GCAP2 can 
modulate cGMP synthesis efficiently in mouse cones. Consistent with 
this notion, steady-state light adaptation was also suppressed in cones 
lacking both GCAP1 and GCAP2, but normal in GCAP1-deficient 
cones. However, cone flash responses were slower than normal in the 
absence of GCAP1 suggesting that GCAP1 is required for the rapid 
dynamic modulation of cGMP synthesis in mammalian cones.
Conclusions: GCAP2 can contribute significantly to the regulation of 
cGMP concentration and light adaptation in mammalian cones in the 
absence of GCAP1. Our biochemical modeling suggests that as little 
as 0.2 µM GCAP2 could explain the observed results in GCAP1-
deficient cones, but it also indicates that in normal cones GCAP1-
dependent regulation would largely exceed that of GCAP2.
Commercial Relationships: Vladimir J. Kefalov, 
None; Frans Vinberg, None; Igor V. Peshenko, None; 
Alexander M. Dizhoor, None

Program Number: 1029 Poster Board Number: B0211
Presentation Time: 3:15 PM–5:00 PM
Molecular determinants of peripherin-2/rds membrane-shaping 
activity
Michelle L. Milstein1, Victoria A. Kimler1, Chiranjib Ghatak2, 
Alexey S. Ladokhin2, Andrew F. Goldberg1. 1Eye Research Institute, 
Oakland University, Rochester, MI; 2University of Kansas Medical 
Center, Kansas City, KS.
Purpose: We are investigating the molecular mechanisms by which 
peripherin-2/rds (P/rds) supports rod and cone photoreceptor outer 
segment (OS) structure, and how inherited defects in this protein can 
lead to a variety of progressive retinal degenerations. Our previous 
studies suggest that P/rds may help to shape the high curvature rim 
domains of OS disks. Here, we investigate the structural determinants 
that contribute to this activity.
Methods: Biochemical, biophysical, and imaging techniques were 
used to investigate the role of the P/rds C-terminal domain and a 
proposed inducible amphipathic helix (AH) contained within it. Key 
Recombinant constructs were P/rdsΔAH, a deletion mutant lacking 
the residues encoding the proposed inducible AH, and CTER, a 
soluble ~7 kDa recombinant protein corresponding to the cytoplasmic 
P/rds C-terminus. Protein biosynthesis, trafficking, subcellular 
localization, and impact on membrane ultrastructure were analyzed 
by velocity sedimentation, ICC/IHC, and TEM respectively.
Results: Loss of the inducible C-terminal AH did not impede P/
rdsΔAH biosynthesis, tetrameric polymerization, post-translational 
processing, or GARP2 binding in HEK AD293 cells. AH deletion 
did not adversely affect trafficking or localization of P/rdsΔAH in 
transgenic vertebrate photoreceptors; P/rdsΔAH localized solely to 
OSs with disk rim localization, in a manner largely independent of 

the endogenous WT P/rds. Finally, although we found that bona fide 
phospholipid membranes can induce a coupled folding/partitioning 
of an AH in the P/rds C-terminus, this motif was not required for the 
generation of membrane curvature in cellulo.
Conclusions: This study demonstrates that a membrane-inducible 
AH in the P/rds C-terminus is not required for protein biosynthesis, 
subunit assembly, higher-order polymerization, targeting to and 
localization at OS disk rims, or the generation of membrane 
curvature. Our results further suggest that C-terminal regions 
outside of the AH motif mediate P/rds targeting and protein-protein 
interactions, and that deletion of this motif may activate P/rds 
curvature generating activity, suggesting a potential regulatory role 
for this motif in OSs. Together with previous studies, our results 
suggest that inherited defects affecting the P/rds C-terminus can act 
via one or more of several mechanisms (e.g. altering GARP2 binding, 
dysregulating curvature generating activity, and/or impairing protein 
targeting).
Commercial Relationships: Michelle L. Milstein, None; 
Victoria A. Kimler, None; Chiranjib Ghatak, None; 
Alexey S. Ladokhin, None; Andrew F. Goldberg, None
Support: NIH Grant EY013246 and NIH Grant EY025291.

Program Number: 1030 Poster Board Number: B0212
Presentation Time: 3:15 PM–5:00 PM
Endocytosis promotes release site restoration at rod ribbon 
synapses
Wallace B. Thoreson1, 2, Matthew J. Van Hook1, 2, Xiangyi Wen2, 1, 
Karlene M. Cork2, 1. 1Ophthalmology and Visual Sciences, Univ 
Nebraska Medical Center, Truhlsen Eye Institute, Omaha, NE; 
2Pharmacology and Experimental Neuroscience, University of 
Nebraska Medical Center, Omaha, NE.
Purpose: Synaptic endocytosis is needed to regenerate synaptic 
vesicles, but may also be important for removing previously used 
vesicle proteins to restore release site function. We hypothesized that 
this may be particularly important at synaptic ribbons where vesicles 
are released continually at closely neighboring sites. To test this, we 
inhibited endocytosis at rod ribbon synapses.
Methods: Post-synaptic currents (PSCs) were evoked in horizontal 
cells (HCs) by depolarizing simultaneously voltage-clamped rods 
in salamander retinal slices. Synaptic vesicles were loaded into 
isolated rods with dextran-conjugated pHrodo and imaged by total 
internal reflectance fluorescence microscopy (TIRFM). Movements 
of individual Ca2+ channels were tracked in rods by tagging channels 
with quantum dots (QDs) conjugated to Ca2+ channel α2δ4 antibodies.
Results: Inhibiting endocytosis with the dynamin inhibitor Dynasore 
(80 µM) quickly reduced fast, ribbon-mediated components of HC 
PSCs (test/control: 0.67±0.06, N=10) but not slower non-ribbon 
components (1.0±0.13) or rod ICa (1.0±0.12). Non-ribbon PSCs and 
spontaneous mEPSC frequency (but not amplitude) declined after 
4 min of Dynasore treatment, perhaps due to vesicle depletion. 
Inhibiting dynamin with Dynasore (80 µM) or Dyngo (30 µM) 
introduced through rod patch pipettes slowed recovery of HC PSCs 
from paired pulse depression from τ=600 ms to 3 s. Bath-applied 
Dynasore significantly reduced HC currents evoked by  
2 Hz sinusoidal 580 nm light (P=0.04). Rod light responses were 
not altered. Using TIRFM to image individual synaptic vesicles 
during stimulation with 50 mM K+, Dynasore significantly increased 
frequency of vesicles docked at the plasma membrane sevenfold 
(P<0.0001) and reduced fusion events fourfold (P=0.017). During 
20 mM K+ application, Dynasore significantly expanded lateral 
membrane movements of QD-tagged Ca2+ channels (P<0.0001).
Conclusions: Rapid inhibition of fast but not slow PSCs by Dynasore 
may reflect a greater need for release site clearance at ribbons vs. 



ARVO 2017 Annual Meeting Abstracts

These abstracts are licensed under a Creative Commons Attribution-NonCommercial-No Derivatives 4.0 International License. Go to http://iovs.arvojournals.org/ to 
access the versions of record.

more dispersed non-ribbon release sites. Paired pulse and light 
response experiments also showed a role for endocytosis in restoring 
release sites. TIRFM studies revealed that dynamin inhibition impairs 
fusion but not docking of newly arrived vesicles. By increasing 
the distance from channels to release sites, expanding Ca2+ channel 
confinement domains by dynamin inhibition can reduce release 
efficiency.

Commercial Relationships: Wallace B. Thoreson, None; 
Matthew J. Van Hook, None; Xiangyi Wen, None; 
Karlene M. Cork, None
Support: NIH Grants EY10542 (WT) and EY023864 (MVH). 
Research to Prevent Blindness Senior Scientific Investigator (WT).
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A dual function for LRIT3 – control of retinal photoreceptor 
synaptic morphology and depolarizing bipolar cell signaling
Nazarul Hasan1, Jennifer Noel2, Ian S. Pyle2, Gobinda Pangeni2, 
Kathryn M. Heath2, Bart G. Borghuis3, Maureen A. McCall2, 3, 
Ronald G. Gregg1, 2. 1Biochemistry & Molecular Genetics, University 
Of Louisville, Louisville, KY; 2Ophthalmology and Visual Sciences, 
University Of Louisville, Louisville, KY; 3Anatomical Sciences and 
Neurobiology, University of Louisville, Louisville, KY.
Purpose: The human disease, complete congenital stationary 
night blindness (cCSNB) is a heterogeneous disorder of the retina 
characterized by impairment of low light vision and loss of the 
b-wave of the electroretinogram (ERG). Mutations in Grm6, 
Trpm1, Nyx and Gpr179, which encode proteins critical to signal 
transmission in one class of retinal interneurons called ON bipolar 
cells (BCs) cause cCSNB. LRIT3, a leucine rich repeat protein, 
expressed at the dendrites of ON BCs, was recently found mutated in 
cCSNB patients (Zeitz et al.). The function of LRIT3 in the mGluR6 
signaling cascade remains unknown. Here we have created a Lrit3-/- 
mouse line and investigated the function of LRIT3 in the mGluR6 
cascade.
Methods: Using a zinc-finger nuclease strategy, we constructed a 
mouse line with a 40 base pair deletion within a highly conserved 
region in exon 2 of Lrit3. We characterized retinal function of Lrit3-/- 
using the ERG. Localization and protein expression levels of LRIT3, 
nyctalopin and TRPM1, were examined by immunohistochemistry 
and immunoblotting, respectively. Glutamate release in the IPL was 
measured by infecting retinas with AAV2/1.hSynapsin.iGluSnFR 
(Borghuis et al.) and retinal function assessed by electrophysiological 
recordings from type 4 OFF BCs and using a multi-electrode array to 
record from ganglion cells.

Results: The dark- and light-adapted ERGs from Lrit3-/- mouse 
have a normal a-wave, while their b-wave is absent. Nyctalopin 
and TRPM1 expression was absent from the dendritic terminals of 
ON BCs of Lrit3-/- retina and PNA staining was reduced in the cone 
synaptic pedicles. LRIT3 expression was not effected in retinas 
lacking GRM6, TRPM1, GPR179 or Nyctalopin, although TRPM1 
total protein expression was significantly reduced in Lrit3-/- retinas. 
Glutamate release in the IPL and the amplitude of the light responses 
was decreased in Lrit3-/- retina, as measured by OFF BCs and OFF 
ganglion cell responses.
Conclusions: Lrit3-/- mice manifest a common phenotype of cCSNB, 
including the absence of the b-wave. They lack Nyctalopin and 
TRPM1 expression at the dendritic terminals of all ON BCs. LRIT3 
expression and localization is independent of GRM6, TRPM1, 
GPR179 or Nyctalopin expression. LRIT3 is required for light 
responses in OFF BCs and ganglion cells.
References:
Zeitz C, et al. Am J Hum Genet. 2013; 92(1): 67
Borghuis BG, et al. J Neurosci. 2013; 33(27): 10972
Commercial Relationships: Nazarul Hasan, None; 
Jennifer Noel, None; Ian S. Pyle, None; Gobinda Pangeni, 
None; Kathryn M. Heath, None; Bart G. Borghuis, None; 
Maureen A. McCall, None; Ronald G. Gregg, None
Support: EY012354

Program Number: 1032 Poster Board Number: B0214
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Dual function of Gβ5 in regulating dendritic morphology and 
light responses of rod bipolar cell
Chih-Chun Hsu1, Hoon Shim2, Richard R. Neubig3, Ching-
Kang J. Chen1, 4. 1Neuroscience, Baylor College of Medicine, 
Houston, TX; 2Biochemistry and Molecular Biology, Virginia 
Commonwealth University, Richmond, VA; 3Pharmacology 
and Toxicology, Michigan State University, East Lansing, MI; 
4Ophthalmmology, Baylor College of Medicine, Houston, TX.
Purpose: Gβ5 and R7RGS proteins are obligate partners required for 
normal light response and dendritic morphology of rod bipolar cells 
(RBC), wherein Gβ5/RGS7 and Gβ5/RGS11 are redundant GTPase 
accelerating proteins for Gαo. RGS7/RGS11 double knockout 
(711dKO) mice phenocopy RBC defects of global Gβ5-/- mice. We 
determined here whether prolonged Gao activation is sufficient to 
recapitulate RBC defects of Gβ5-/- mice and whether these anatomical 
and functional deficits are separable.
Methods: We have floxed the Gnb5 and Gnao genes and used 
Chx10Cre mouse to generate retina-specific Gβ5 and Gαo knockout 
mice. To express a RGS-insensitive Gαo in the retina, we generated a 
compound heterozygous Gαoflox/G184S mouse line and mated it into the 
Chx10Cre driver. Protein levels were determined by Western blotting. 
Immunofluorescence staining (IF) with various post- and pre-
synaptic markers was used to examine RBC dendritic morphology. 
A custom image analysis program was developed to quantify the 
shortest distance distribution between neighboring photoreceptor 
ribbons and RBC dendritic tips. Light responses were determined 
by Electroretinography (ERG). RBC responses to puffed mGluR6 
antagonist CPPG were determined by patch clamp recording in acute 
retinal slices.
Results: RBC dendritic defects were readily found in retina-specific 
Gβ5-/-, Gαo-/- and Chx10Cre/Gαoflox/G184S and 711dKO mouse retinas. 
The number of synaptic contacts, defined as < 1 µm in distance 
between neighboring RBC dendritic tips and photoreceptor ribbons, 
decreased in both retina-specific Gβ5-/- and Chx10Cre/Gαoflox/G184S 
retinas. Moreover, there was no recordable scotopic ERG b-waves in 
retina-specific Gαo-/- and Chx10Cre/Gαoflox/G184S, or in 711dKO mice. 
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However, a noticeable but small b-wave could be recorded in Chx10/
Gαoflox/G184S mice when inter-flash intervals increased from 1.7 to ≥ 15 
seconds. RBCs of retina-specific Gβ5-/-, Gαo-/- mice or 711dKO mice 
showed no responses to CPPG puffs, while a discernable but small 
response was recorded in Chx10Cre/Gαoflox/G184S mice.
Conclusions: Our data demonstrate that prolonged Gαo activation 
causes RBC morphological defect in straight Gβ5-/- and 711dKO mice 
and further reveal that Gβ5 may have a previously unappreciated role 
in RBC light response pathway.
Commercial Relationships: Chih-Chun Hsu, None; Hoon Shim, 
None; Richard R. Neubig, None; Ching-Kang J. Chen, None
Support: NIH Grants EY013811, EY022228, EY002520, unrestrcted 
grant from Research to Prevent Blindness, Retina Research 
Foundation

Program Number: 1033 Poster Board Number: B0215
Presentation Time: 3:15 PM–5:00 PM
Dendritic plasticity after photoreceptor loss differs between cone 
bipolar cell types
Corinne Beier1, Anahit Hovhannisyan3, Daniel V. Palanker2, 
Alexander Sher3. 1Electrical Engineering, UC Santa Cruz, Santa Cruz, 
CA; 2Stanford University, Stanford, CA; 3SCIPP, UC Santa Cruz, 
Santa Cruz, CA.
Purpose: The potential for deafferented bipolar cells to establish 
functional synapses with remaining or newly introduced 
photoreceptors in the adult mammalian retina is poorly understood. 
Recently we showed that deafferented rod bipolar cells in the rabbit 
retina restructure their dendrites to make new connections with 
healthy photoreceptors to restore scotopic vision. Here we test if 
the deafferented cone bipolar cells in the ground squirrel undergo 
similar restructuring. In particular, we examine if S-on bipolar cells, 
which make a one-to-one connection with a single S-cone, can rewire 
exclusively to S-cones in the adult retina.
Methods: Photoreceptors in 100µm-wide strips were ablated in vivo 
by laser photocoagulation in the adult ground squirrel retina, leaving 
bipolar cells intact. Lesioned retinas were harvested days or months 
after the ablation for electrophysiology and immunohistochemistry 
(IHC) experiments. For IHC, retinas were stained with antibodies 
(PNA, S-Opsin, CtBP2, iGluR5, CD15, secretagogin, HCN4) to label 
photoreceptors, synaptic proteins, and cone bipolar cell types.
Results: Dendritic tree change in deafferented bipolar cells becomes 
apparent within 2 weeks after photoreceptor loss and differs between 
cell types. Deafferented S-on bipolar cells maintain a vertical 
dendritic stalk terminating at the OPL but produce dendritic branches, 
which extend in all directions within the OPL. The new branches 
sometimes, but not always, terminate at an S-cone pedicle. S-on 
bipolar cells at the lesion edge that make contact with an S-cone 
are more likely to share that S-cone with another S-on bipolar cell 
(Student’s t test, p<0.02). Deafferented CD15-positive cells prune 
their dendritic trees and secretagogin-positive cells exhibit no signs 
of drastic restructuring. Electrophysiological experiments aimed at 
assessing functional connectivity of the deafferented S-cone bipolar 
cells are in progress.
Conclusions: Cone bipolar cell types in the ground squirrel retina 
respond uniquely to deafferentation suggesting different plasticity 
mechanisms are available to different types of cone bipolar cells 
in the adult mammalian retina. Deafferented S-on bipolar cells can 
synapse with new S-cones. Unlike rod bipolar cells in the rabbit and 
mouse retina that direct their dendrites out of the lesion, S-on bipolar 
cells extend their atypical dendrites in all directions, indicative of a 
random exploration mechanism.

Commercial Relationships: Corinne Beier, None; 
Anahit Hovhannisyan, None; Daniel V. Palanker, None; 
Alexander Sher, None
Support: Pew Charitable Trusts Scholarship in the Biomedical 
Sciences, NIH EY023020, Fight for Sight Summer Fellowship
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Cone synapses in mammalian retinal rod bipolar cells
Ji-Jie Pang, Zhuo Yang, Roy A. Jacoby, Samuel M. Wu. 
Ophthalmology, Baylor College of Medicine, Houston, TX.
Purpose: A subset of mammalian rod bipolar cells (RBCs) have 
been found to receive excitatory chemical synaptic inputs from both 
rods and cones (DBCR/C), but anatomical evidence for mammalian 
cone-RBC contacts has been sparse. This study examined anatomical 
cone-RBC contacts in mouse and primate retinas.
Methods: We used the neuronal tracer neurobiotin (NB) to visualize 
individual cones and standard immuno-markers to identify RBCs, 
cone pedicles and neuronal synapses. The cone-RBC contacts were 
observed with a confocal microscope.
Results: Mouse cones were positively labeled by an anti-red/green 
(R/G)-opsin antibody, and peanut agglutinin (PNA) stained the basal 
membrane of cone pedicles. All synapses in the outer plexiform layer 
(OPL) were labeled for synaptic vesicle protein 2 (SV2) and PSD 
(postsynaptic density)-95, and those that coincided with PNA resided 
closest to bipolar cell somas. Cone-RBC synaptic contacts were 
identified by: 1) RBC dendrites deeply invaginating into the center 
of cone pedicles filled with NB (invaginating synapses), 2) RBC 
dendritic spines intruding into the surface of NB-filled cone pedicles 
(superficial synapses), and 3) PKCα immunoreactivity coinciding 
with synaptic marker SV2, PSD-95 or PNA at cone pedicles. RBCs 
that contacted cones accounted for 20.7%+/-0.03% of the cells 
(mean+/-se) in the peripheral retina and 38.9%+/-0.04% in the central 
retina (p=0.009, n=14 samples). The proportion of cones contacting 
RBC was not significantly different (p=0.07, n=14 samples) between 
the central (48.5%+/-0.05%) and peripheral retina (34.4%+/-0.05%). 
We also found that primate retinas (n=2 samples) exhibited similar 
cone-RBC contacts. 12.2%+/-0.01% of RBCs (n=416 cells) contacted 
cones and 22.5%+/-0.02% of cones (n=225 cells) contacted RBCs.
Conclusions: A population of RBCs, like AII amacrine cells, serve to 
integrate rod and cone signals in the mammalian retinal ON pathway.
Commercial Relationships: Ji-Jie Pang, None; Zhuo Yang, None; 
Roy A. Jacoby, None; Samuel M. Wu, None
Support: NIH (EY 019908), NIH Vision Core (02520), the Retina 
Research Foundation (Houston), and Research to Prevent Blindness, 
Inc.
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Restricted cone connections of horizontal cells in the human 
foveal center
Orin S. Packer1, Richard Schalek3, Rachel O. Wong1, 
Christine Curcio2, John E. Dowling3, Jeff Lichtman3, 
Dennis M. Dacey1. 1Biological Structure, University of Washington, 
Seattle, WA; 2Ophthalmology, University of Alabama at Birmingham, 
Birmingham, AL; 3Molecular and Cellular Biology, Harvard, 
Cambridge, MA.
Purpose: The exquisite spatial resolution afforded by the foveal cone 
mosaic is preserved by a unique, non-divergent excitatory circuit: a 
midget bipolar cell receives synaptic input from a single long- (L) or 
middle-wavelength (M) sensitive cone and in turn makes synaptic 
output to a single midget ganglion cell. This ‘private-line’ circuit 
also shows L vs M cone (‘red-green’) color opponency that arises 
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from receptive field surround antagonism. The surround arises by 
horizontal cell negative feedback to L and M cones (Crook et al., 
J.Neurosci. 2011). Horizontal cells in the retinal periphery make 
indiscriminant, divergent connections to large numbers of L and 
M cones. However little is known about the connectivity of foveal 
horizontal cells that could contribute to the L or M cone specificity 
critical for color opponency. Our purpose therefore was to use 
volume electron microscopy to reconstruct the horizontal cell circuit 
for cones in the center of the human fovea.
Methods: Eyes were acquired from a single 21 yr old male donor at 
the time of death. After corneal removal the eyecup was immersed 
in oxygenated Ames medium and fixed in 4% glutaraldehyde. 
The macular region was dissected, epoxy-embedded and serially 
sectioned at 65 nm in the horizontal plane using the Automated 
Tape Ultramicrotome (ATUM) method. A 250 x 250 µm region 
centered on the fovea was imaged at 6 nm resolution and sections that 
encompassed the cone pedicles, outer plexiform and inner nuclear 
layers were used for reconstruction.
Results: All of the horizontal cell invaginating contacts at a single 
pedicle linked to a cone at the foveal center (Dacey et al., ARVO 
2017) were reconstructed. 53 contacts at 26 ribbon synapses were 
traced to 11 distinct horizontal cells. However the majority of 
contacts to this single pedicle arose from just 3 horizontal cells  
(32 contacts; 60%). The cone connectivity of single horizontal cells 
showed the complementary pattern: individual cells made ~20-30 
contacts with 7-8 neighboring cones but the majority of contacts 
(~60%) were directed to just 1-2 pedicles.
Conclusions: By contrast with the retinal periphery human foveal 
horizontal cells are greatly reduced in size and contact 1-2 cones 
preferentially. We hypothesize that the restricted cone connectivity 
of foveal horizontal cells contributes to a similarly restricted ‘midget 
surround’ and in turn to L vs M cone opponency in the midget 
receptive field.
Commercial Relationships: Orin S. Packer, None; 
Richard Schalek, None; Rachel O. Wong, None; Christine Curcio, 
None; John E. Dowling, None; Jeff Lichtman, None; 
Dennis M. Dacey, None
Support: NIH Grant EY06678, NIH R01 EY015520, EyeSight 
Foundation of Alabama, Research to Prevent Blindness, Macula 
Foundation, Lowy Medical Resarch Institute
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Connectomic reconstruction links human foveal cones to distinct 
circuitry in the center of the foveal pit
Dennis M. Dacey1, Orin Packer1, Richard Schalek2, 
Christine Curcio3, Rachel O. Wong1, John E. Dowling2, 
Jeff Lichtman2. 1Biological Structure, University of Washington, 
Seattle, WA; 2Molecular and Cell Biology, Harvard, Cambridge, MA; 
3Ophthalmology, University of Alabama, Birmingham, Birmingham, 
AL.
Purpose: In the macula, cone photoreceptors give rise to long axon-
like processes (Henle fibers) that can project up to several hundred 
µm to circuitry displaced laterally from the foveal depression. 
However the precise localization of the synaptic terminals (pedicles) 
of the cones that occupy the very center of the fovea where visual 
acuity peaks has not been directly determined. Thus, the retinal 
location of the circuitry that arises from this critical cone population 
is unclear. Our purpose was to use volume electron microscopy to 
reconstruct the central-most foveal cones and directly connect the 
mosaic of inner segments to their pedicles via Henle fibers.
Methods: Eyes were acquired from a single 21 yr old male organ 
donor at the time of death. After corneal removal the open eyecup 

was immersed in oxygenated Ames medium and then fixed in 4% 
glutaraldehyde. The macular region was dissected, epoxy-embedded 
and serially sectioned at 65 nm from the photoreceptor layer to the 
inner limiting membrane using the Automated Tape Ultramicrotome 
(ATUM) method. A 250 x 250 µm region centered on the fovea was 
imaged at 6 nm resolution and 1500 serial sections were used for 
volume reconstruction (TrakEM2).
Results: A circular patch of 186 neighboring cones at the precise 
foveal center was reconstructed. The Henle fibers of the central most 
cones extended vertically with little lateral displacement and gave 
rise to a point-to-point topographic array of large morphologically 
distinct pedicles localized to the center of the foveal depression. 
Individual pedicles were enveloped by large Muller cell processes. 
Long (~5-10 µm) telodendritic processes arose from each pedicle 
and extended through the matrix of Müller cell processes to contact 
adjacent pedicles at apparent gap junctions. The foveal pedicles 
contained 20+ synaptic ribbons in triadic relation to apparent 
horizontal and bipolar cell processes.
Conclusions: In a single human retina the synaptic outputs of the 
cones situated at the center of the fovea were not displaced laterally 
as expected but were localized to the center of the foveal depression. 
These pedicles formed a distinctivie anatomical relaationship with 
large Muller cells and postreceptoral processes. We hypothesize that 
this region may represent a previously unrecognized locus for the 
circuitry that initiates foveal vision.
Commercial Relationships: Dennis M. Dacey, None; Orin Packer, 
None; Richard Schalek, None; Christine Curcio, None; 
Rachel O. Wong, None; John E. Dowling, None; Jeff Lichtman, 
None
Support: NIH R01 EY06678, NIH R01 EY015520, EyeSight 
Foundation of Alabama, Research to Prevent Blindness, Macula 
Foundation, Lowy Medical Resarch Institute
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Cone Mitochondria Enhance Light Transmission
Wei Li, John Ball, Shan Chen. Section of Retinal Neurobiology, 
National Eye Institute, Bethesda, MD.
Purpose: In the mammalian retina, before a photon can be detected 
at the photoreceptor outer segment, it must pass through each layer of 
the retina. The final obstacle in this path is the densely packed bundle 
of mitochondria present in each photoreceptor. We found that cone 
mitochondria in the ground squirrel retina possessed an intriguingly 
elongated, well-organized structure. We set out to test whether 
these mitochondria might serve to facilitate light transmission 
through the cone inner segment, and whether the less well organized 
mitochondria found in the cones of hibernating ground squirrels 
might be less favorable for such light focusing.
Methods: We investigated these questions using 3D reconstructions 
of cone mitochondria from serial block-face electron microscopy 
image stacks, electromagnetic simulations of light transmission 
through these reconstructed cones, and finally, confocal images of 
light transmission through whole-mount live retina samples. To 
assess the differential contributions of cones vs. the remainder of the 
retina for light transmission, we also obtained confocal images using 
horizontally sliced retina, in which part or all of the retina residing 
below cones was removed.
Results: Simulations indicated that the spatial arrangement of 
mitochondria within cone inner segments enhance light focusing. 
Additionally, cones in non-hibernating squirrels have a modestly 
stronger light focusing capability than cones from hibernating 
animals. Images taken from horizontal retinal slices confirmed the 
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simulation results and also showed that the remainder of the retina 
proximal to cone photoreceptors possesses minor focusing power.
Conclusions: We conclude from both simulations and imaging that, 
individual cones possess the ability to focus light upon the outer 
segments through the strategic location and spatial arrangement of 
the mitochondria bundle in the inner segment, potentially increasing 
visual sensitivity.

Upper panel: Confocal live imaging of light passing through the 
inner segment of an isolated cone photoreceptor in a piece of ground 
squirrel retina (yellow: mitochondria labled by TMRE). Lower panel: 
Electromagnetic simulations of light transmission through the inner 
segment of a reconstructed cone photoreceptor (yellow: reconstructed 
mitochondria).
Commercial Relationships: Wei Li, None; John Ball, None; 
Shan Chen, None
Support: NEI intramural research program


