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Dephosphorylation of visual pigments by PP2A is required for 
timely dark adaptation of rods and cones
Alexander V. Kolesnikov1, Tivadar Orban2, Krzysztof Palczewski2, 
Vladimir J. Kefalov1. 1Ophthalmology and Visual Sciences, 
Washington University in St Louis, St Louis, MO; 2Pharmacology, 
Case Western Reserve University, Cleveland, OH.
Purpose: Rapid inactivation of the visual pigment by 
phosphorylation is essential for the timely termination of rod and 
cone photoresponses and the recovery of photoreceptor sensitivity 
following a bleach. However, the role of pigment dephosphorylation 
in dark adaptation of rods and cones and the identity of the 
phosphatase are still debated. We investigated the putative role of 
pigment phosphatase 2A (PP2A) in mammalian rods and cones.
Methods: Expression of PP2A in mouse rods and cones was 
revealed by in situ mRNA hybridization in WT and Nrl-/- retinas, 
respectively. We then generated mice with the floxed gene of the 
a-catalytic subunit of PP2A and crossed them with strains expressing 
Cre-recombinase to generate rod (Rho-Cre) and cone (HGRP-Cre) 
PP2A conditional knockout (CKO) lines. To facilitate M-cone 
recordings, we derived cone PP2A-CKO animals on a Gnat1-/-

 background. The lack of PP2A in photoreceptors was confirmed 
by immunohistochemistry. We assessed the function of PP2A-
deficient rods by single-cell suction recordings, and that of PP2A-
deficient cones by transretinal ERG recordings. The effect of PP2A 
deletion on rod and cone dark adaptation was determined by in vivo 
ERG. We measured the kinetics of rhodopsin phosphorylation and 
dephosphorylation by mass-spectrometry. Finally, we quantified dark 
and postbleach levels of 11-cis-retinal and other visual cycle retinoids 
in the eye by HPLC.
Results: Rod and cone photoresponse amplitude and sensitivity 
were comparable in dark-adapted Cre controls and PP2A-CKO mice. 
The response recovery following dim to saturating test flashes was 
also normal in isolated PP2A-deficient rods. However, following 
>90% pigment bleach the dark adaptation of PP2A-deficient rods 
was substantially delayed, and the recovery of their sensitivity in 
vivo was reduced compared to the Cre controls. The slower rod dark 
adaptation in the absence of PP2A correlated with a substantially 
delayed dephosphorylation of rhodopsin and recycling of 11-cis-
retinal chromophore in the visual cycle. Similarly, even though 
phototransduction was unaffected by the deletion of PP2A in 
M-cones, their dark adaptation was greatly retarded in vivo.
Conclusions: The timely dark adaptation of mouse rods and cones 
requires dephosphorylation of their visual pigments by PP2A. Thus, 
PP2A is the dominant phosphatase which resets the ground state of 
visual pigments following their photoactivation.
Commercial Relationships: Alexander V. Kolesnikov, 
None; Tivadar Orban, None; Krzysztof Palczewski, None; 
Vladimir J. Kefalov, None
Support: NIH Grants EY026675 and EY019312 and Research to 
Prevent Blindness
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Pyruvate Kinase M2: Function, Regulation and Role in Rod 
Photoreceptor cells
Raju V. Rajala1, 2, Christopher Kooker3, 1, Yuhong Wang1, 
Ammaji Rajala1. 1Ophthal/Dean McGee Eye Inst, Univ of Oklahoma 
Hlth Sci Ctr, Oklahoma City, OK; 2Physiology, University of 
Oklahoma Health Sciences Center, Oklahoma City, OK; 3Oklahoma 
Center for Neuroscience, University of Oklahoma Health Sciences 
Center, Oklahoma City, OK.
Purpose: Pyruvate kinase M2 (PKM2) is a critical enzyme in 
glycolysis that redirects glucose for anabolic processes instead of 
oxidative phosphorylation, via tyrosine phosphorylation through 
growth factor signaling in tumor cells. We recently reported that 
PKM2 is the major isoform in photoreceptor cells and tyrosine 
phosphorylation of PKM2 is light-dependent. The biological role 
of PKM2 in photoreceptor cells is unknown. In the present study, 
we examined the functional role of PKM2 in rod photoreceptor 
cells, explored its role in the expression of glycolytic and lipogenic 
enzymes, and studied its effect on photoreceptor structure and 
function.
Methods: We bred mice expressing Cre-recombinase in rods to mice 
with a floxed PKM2 gene, generating offspring with a conditional 
deletion of PKM2 in rod photoreceptors. Cre recombinase expression, 
PKM2, PKM1, and several rod photoreceptor-specific protein 
markers were examined by immunoblot and immunohistochemical 
analysis. Structural changes were determined by hematoxylin and 
eosin staining of retinal sections and function was measured by 
electroretinography. Real-time PCR was employed to examine the 
gene expression of glycolytic and lipogenic enzymes in wild-type and 
PKM2 knockout mice.
Results: Cre-expression was properly targeted to rod photoreceptor 
nuclei. Disruption of PKM2 specifically in rods produced an absence 
of PKM2 expression. Loss of PKM2 did not alter photoreceptor 
protein expression or rod photoreceptor integrity at 1 month; 
however, we found decreased scotopic b-wave amplitudes at 2 
months. In addition, PKM2 deletion resulted in a compensatory 
increase in PKM1 expression. We found reduced gene expression of 
lipogenic enzymes, but not glycolytic enzymes, in PKM2 knockout 
mice.
Conclusions: Our findings clearly demonstrate that loss of PKM2 
expression upregulates PKM1 expression. These results also indicate 
that PKM2-deficient retinas show reduced lipogenic gene expression, 
suggesting altered lipid metabolism in photoreceptor cells.
Commercial Relationships: Raju V. Rajala, None; 
Christopher Kooker, None; Yuhong Wang, None; Ammaji Rajala, 
None
Support: NIH/NEI grants (EY000871 and EY021725), and Research 
to Prevent Blindness, Inc.
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Scavenger Receptor Class B Proteins Mediate Carotenoid Uptake 
into the Primate Retina
Raji Shyam, Preejith P. Vachali, Kelly Nelson, Aruna Gorusupudi, 
Paul S. Bernstein. Ophthalmology, University of Utah, Salt Lake 
City, UT.
Purpose: Carotenoid transport into the primate retina is not well 
characterized. Several studies have pointed to the role of Class B 
scavenger receptors as carotenoid transporters. In this study, we 
undertook a systematic approach to study the presence and function 
of all three Class B scavenger receptor proteins in the primate eye.
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Methods: Total RNA was isolated from human donor eye tissues 
and q-PCR was carried out to determine the transcript levels of 
scavenger receptors. Protein was isolated from human donor eye 
tissues and western blotting was conducted using antibodies against 
SCARB1, SCARB2, and CD36 to determine their protein levels. 
Immunostaining was carried out in sections of macaque eye using 
the above mentioned antibodies to determine the expression pattern 
of scavenger receptors in the primate eye. In order to determine the 
function of these proteins as carotenoid transporters, overexpression 
was carried out in HEK-293T cells followed by treatment with 
various concentrations and types of carotenoids. Surface plasmon 
resonance experiments were conducted to determine the binding 
affinity of carotenoids with scavenger receptor proteins.
Results: We detected the presence of various isoforms of all 
three Class B scavenger receptors in the primate eye. Relative 
abundance of SCARB2 transcripts and protein was higher than 
that observed for SCARB1 and CD36. Expression of scavenger 
receptors in the primate eye sections showed no overlap in their 
pattern, suggestive of non-redundant roles in carotenoid uptake. 
Overexpression of these proteins resulted in the increase carotenoid 
uptake. The carotenoid uptake efficiency by these receptors, 
however, was dependent on the concentration of carotenoids. For 
example – SCARB1 overexpressed cells showed significant increase 
in the uptake of lutein at concentrations between 1 and 10 μM, 
whereas SCARB2 overexpressed cells took up more lutein at lower 
concentrations. Surface plasmon resonance studies determined the <i 
abp="902">K<sub abp="900">D of scavenger receptor proteins to 
bind carotenoids to be around 1 μM, typical of transport proteins
Conclusions: Our data suggest that all three Class B scavenger 
receptors can function as carotenoid transporters in the vertebrate 
eye. In addition, the interaction of Class B scavenger receptors with 
carotenoids is dependent on the type and concentration of the ligand.
Commercial Relationships: Raji Shyam; Preejith P. Vachali, 
None; Kelly Nelson, None; Aruna Gorusupudi, None; 
Paul S. Bernstein, None
Support: T32- Vision Training Grant - University of Utah; NIH 
grants EY11600 and EY14800; Research to Prevent Blindness
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Carotenoid-apolipoprotein Interaction Studies using a Surface 
Plasmon Resonance Biosensor
Preejith P. Vachali, Binxing Li, Simone Longo, Paul S. Bernstein. 
Ophthalmology and Visual Science, Moran Eye Center, Salt Lake 
City, UT.
Purpose: The macular carotenoids, lutein and zeaxanthin, can play 
a protective role in ocular diseases such as age-related macular 
degeneration and cataract. β-Carotene, another abundant carotenoid 
present in the human serum could serve as a vitamin A (retinol) 
precursor. Carotenoids are lipophilic compounds that rely on proteins 
such as plasma lipoproteins for their transport from the liver to 
various target organs; however, the binding affinities of these proteins 
toward carotenoids have not yet been systematically studied. A 
better understanding of their binding characteristics will give more 
insights on the functional role these proteins in carotenoid uptake. 
In this work, we utilized surface plasmon resonance (SPR) assays to 
elucidate the binding affinities of the major plasma apolipoproteins 
against carotenoids.
Methods: Apolipoproteins were immobilized onto the sensor chips 
(COOHV) using standard amine-coupling protocols to obtain a 
surface density of 8 - 10K RU. The carotenoids were tested using 
the OneStep® gradient injection method using a SensiQ Pioneer 
SPR instrument. The running buffer consisted of 10 mM phosphate 

buffered saline (pH 7.4), 0.1% polyvinylpyrrolidone, and 5% DMSO. 
Each carotenoid concentration was injected three times, and assays 
were performed at 25°C. The kinetic parameters were determined 
using Qdat® software.
Results: The equilibrium binding constants (KD) of carotenoids 
against apolipoproteins are summarized in Table 1.
Conclusions: The binding affinities of major apolipoproteins with 
carotenoids were characterized using SPR. Lutein, zeaxanthin, 
and meso-zeaxanthin showed relatively lower affinities toward 
apolipoproteins with KD values ranging from 5-100 μm, whereas, 
β-carotene showed very high affinity and selectivity toward all 
apolipoproteins with KD values ranging from 5 nM to 300 nM. SPR 
based assays will allow us to further understand the functional role of 
lipoproteins in retinal carotenoid delivery.

Commercial Relationships: Preejith P. Vachali, None; Binxing Li, 
None; Simone Longo, None; Paul S. Bernstein, None
Support: NIH grants EY11600 and EY 14800; Research to Prevent 
Blindness
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RPE65 Has a Secondary Activity as the Lutein to meso-
Zeaxanthin Isomerase in the Vertebrate Eye
Paul S. Bernstein1, Raji Shyam1, Aruna Gorusupudi1, Kelly Nelson1, 
Martin Horvath2. 1Ophthalmology and Visual Sciences, Moran Eye 
Center/University of Utah School of Medicine, Salt Lake City, UT; 
2Biology, University of Utah, Salt Lake City, UT.
Purpose: meso-Zeaxanthin is a macula-specific carotenoid that 
has no common dietary sources. Lutein is hypothesized to be the 
precursor for meso-zeaxanthin, but the process by which this reaction 
occurs under physiological conditions is not understood. Our 
previous work determined that the production of meso-zeaxanthin 
in the chicken embryonic eye occurs in a developmentally regulated 
manner. We showed that the production of meso-zeaxanthin 
specifically begins at E17 in the RPE/choroid and that the amount of 
this carotenoid steadily increases in the eye as the embryo ages. In the 
present study, we determined the biochemical mechanism underlying 
meso-zeaxanthin production.
Methods: In order to determine whether lutein is the precursor to 
meso-zeaxanthin, primary chicken RPE cultures or homogenates 
of RPE/choroid from E21 embryos were used. RNA-sequencing 
was conducted on E16 and E21 RPE/choroid isolates to identify 
candidate isomerase enzymes. Transient transfection of plasmids 
containing candidate genes, followed by their treatment with pure 
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lutein, were conducted in HEK293T cells. A pharmacological 
inhibitor, ACU5200, was used to knock down RPE65 activity in 
chicken embryos, and its effect on meso-zeaxanthin production 
was determined. Structural docking experiments were conducted to 
determine whether lutein can interact with the candidate enzyme.
Results: Treatment of E21 chicken primary RPE cells with pure 
lutein showed the production of meso-zeaxanthin. Similar results 
were obtained in RPE/choroid homogenates of E21 embryos. 
RPE65 was identified as one of the top meso-zeaxanthin isomerase 
candidates in our RNA sequencing. Its transcript levels were 
upregulated 23-fold between E16 and E21. When HEK293T cells 
overexpressing chicken RPE65 were treated with lutein, they 
produced meso-zeaxanthin. In order to abolish RPE65 activity, 
a pharmacological inhibitor, ACU5200 (a more potent analog of 
emixustat), was injected into the embryos at E17. The injected 
embryos showed significant reduction in the meso-zeaxanthin levels 
in their RPE/choroid, whereas the levels of lutein and zeaxanthin 
were comparable to those of control embryos. Molecular modeling 
experiments demonstrated that the epsilon ring of lutein can dock into 
the active site of RPE65.
Conclusions: Our results indicate that RPE65 is both necessary and 
sufficient for the production of meso-zeaxanthin from lutein in the 
vertebrate eye.
Commercial Relationships: Paul S. Bernstein, None; Raji Shyam, 
None; Aruna Gorusupudi, None; Kelly Nelson, None; 
Martin Horvath, None
Support: NIH grants EY11600 and EY14800; Research to Prevent 
Blindness
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Interphotoreceptor retinoid-binding protein (IRBP) promotes 
RPE uptake and esterification of all-trans-retinol in the 
interphotoreceptor matrix (IPM)
Minghao Jin, Songhua Li, Minsup Lee. Ophthalmology & 
Neuroscience Center, LSU School of Medicine, New Orleans, LA.
Purpose: IRBP, the most abundant soluble protein in the IPM, is 
known to play an important role in the visual cycle. However, the 
molecular mechanism by which IRBP facilitates the visual cycle in 
the IPM remains largely unknown. In this study, we test whether 
IRBP plays a role in RPE uptake and esterification of all-trans-
retinol (atROL) released into the IPM after photobleaching the visual 
pigments.
Methods: Dark-adapted 3-week-old wild-type (WT) and Irbp-/- mice 
were exposed to light for 30 or 60 min. Ocular retinoids in these 
mice were measured by high performance liquid chromatography. 
Expression levels of lecithin-retinol acyltransferase (LRAT) 
and diacylglycerol O-acyltransferase type 1 (DGAT1) in the 
eyes were determined by immunoblot analysis. Subcellular 
localization patterns of LRAT and RPE65 in RPE were analyzed 
by immunocytochemistry. The effects of IRBP on RPE uptake and 
esterification of atROL were evaluated by measuring all-trans retinyl 
esters (atRE) in RPE of Irbp-/- eyecups incubated with atROL in 
serum-free media containing 4 μM IRBP or bovine serum albumin 
(BSA). IRBP was prepared by transient transfection of 293T-LC 
cells followed by 100-kD cutoff filtration. Its purity and identity was 
confirmed by Coomassie Brilliant blue-staining and immunoblot 
analysis using an antibody against IRBP.
Results: The total amounts of retinoid in dark-adapted Irbp-/- mice 
were similar to those in WT mice. The amounts of atROL in the eyes 
of Irbp-/- mice exposed to light for 1 h were significantly greater than 
those in WT eyes whereas the amounts of atRE in the same Irbp-/-

 eyes were approximately half of atRE amount in the same WT eyes. 

However, the expression levels of LRAT and DGAT1 in dark-adapted 
and light-exposed Irbp-/- mice were similar to those in WT mice 
under the same light conditions. Immunocytochemistry showed that 
subcellular distribution patterns of LRAT and PE65 in RPE of light-
exposed Irbp-/- mice were similar to those in WT mice. The amounts 
of atRE in RPE explants incubated with atROL in the presence of 
IRBP were at least 1.6-fold greater than those in RPE incubated with 
atROL in the presence of BSA.
Conclusions: RPE may express a membrane receptor/s of IRBP and/
or an intracellular regulator/s that promotes RPE to uptake and/or 
esterify all-trans-retinol bound with IRBP in the IPM.
Commercial Relationships: Minghao Jin, None; Songhua Li, 
None; Minsup Lee, None
Support: NIH Grants EY021208, P30GM103340, and RPB
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Imaging Carotenoids in the Chicken Retina by Confocal 
Resonance Raman Microscopy
Binxing Li, Preejith P. Vachali, Aruna Gorusupudi, Kelly Nelson, 
Jeanne M. Frederick, Paul S. Bernstein. Ophthalmology and Visual 
Sciences, Univ of UT Sch Med/Moran Eye Ctr, Salt Lake City, UT.
Purpose: Macular carotenoid content is inversely associated with the 
risk of age-related macular degeneration (AMD). However, there are 
still no available high-resolution images of the macular carotenoids 
in the human retina to delineate their cellular localization. Confocal 
resonance Raman microscopy is a novel instrument capable of in 
situ measurements of carotenoid distributions in biological samples. 
To validate this instrument for the study of human retinal carotenoid 
imaging, we investigated the distribution of carotenoids in the 
chicken retina, a readily available fresh tissue which has comparable 
carotenoids to the human retina, using confocal resonance Raman 
microscopy.
Methods: The eyeballs of a two- year-old chicken were immediately 
fixed in 4% paraformaldehyde after dissection. Then, the retinas were 
either flat mounted or cut into retinal sections after PBS wash and 
sucrose infiltration. Carotenoids in the flat-mounted retina and retinal 
sections were detected and mapped using a Horiba XploRA PLUS 
confocal resonance Raman microscope at room temperature. An 
Olympus BX41 confocal microscope with 4X or 40X objective was 
coupled to the Raman spectrometer in these experiments. 473-nm and 
532-nm excitation light were provided by diode lasers. Carotenoids 
were mapped according to their characteristic Raman shifts at around 
1520 cm-1.
Results: Strong Raman signals of carotenoids were detected both in 
the flat mounted chicken retinas and retinal sections. In flat-mounted 
retina, oil droplets colored red, green, yellow, and purple were 
visible, but the carotenoid Raman signal was mainly derived from the 
red oil droplets. In the retinal sections, carotenoids were associated 
only with the photoreceptor cells. Interestingly, the majority of the 
carotenoids were present in the cone axons but not the oil droplets or 
the mitochondria.
Conclusions: Our confocal resonance Raman microscope is able to 
generate high-resolution Raman images of retinal carotenoids in the 
chicken retina, with retinal carotenoids present mainly in cone axons 
but not the oil droplets. Our results imply that we will be able to 
successfully map the macular carotenoids of the human retina using 
this instrument.
Commercial Relationships: Binxing Li; Preejith P. Vachali, 
None; Aruna Gorusupudi, None; Kelly Nelson, None; 
Jeanne M. Frederick, None; Paul S. Bernstein, None
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Support: NIH grants EY11600 and EY14800; Research to Prevent 
Blindness; Lowy Medical Research Institute; Carl Marshall Reeves 
and Mildred Almen Reeves Foundation
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A New Role for Taurine in Retina: Modulation of Bisretinoid 
Formation
Hye Jin Kim1, Jin Zhao1, Janet R. Sparrow1, 2. 1Ophthalmology, 
Columbia University Medical Center, NY, NY; 2Pathology and Cell 
Biology, Columbia University Medical Center, NY, NY.
Purpose: Taurine is an endogenous sulfur-containing amino acid that 
carries a primary amine. Taurine is not incorporated into protein but 
concentrations are particularly high in retina. The function of taurine 
in retina is not clear. Here we sought to understand the mechanisms 
by which taurine may protect retina by reducing the formation of 
RPE lipofuscin bisretinoid.
Methods: Retinaldehyde-taurine adducts and bisretinoids were 
measured by UPLC-MS. Albino and agouti Abca4 null mutant 
mice (Abca4-/-, Rpe65-Leu450) mice were studied. Non-invasive 
quantitative fundus autofluorescence (qAF, 488 nm) served as an 
indirect measure of bisretinoid lipofuscin of retina.
Results: We detected the reversible Schiff base adduct of one 
retinaldehyde and taurine (A1T) in human, mouse and bovine retina 
by UPLC-MS. We did not detect A2-taurine, the non-reversible 
undesirable condensation product of taurine with 2 vitamin 
A-aldehyde. In assays utilizing isolated bovine outer segments 
with the addition of taurine and all-trans-retinal, A1-taurine formed 
and production of the bisretinoids all-trans-retinal dimer and 
A2PE (A2E precursor) were reduced. By non-invasive quantitative 
fundus autofluorescence (qAF) (488 nm excitation; Heidelberg 
Spectralis) oral delivery of taurine (25 grams per liter in drinking 
water) to agouti Abca4-/- mice (age 1 to 4 months) resulted in a 
19.5% reduction in qAF versus control (1.08±0.09 qAF units versus 
0.87±0.05 qAF units; mean±SEM). Taurine deficiency induced 
in albino Abca4-/- mice by a competitive inhibitor guanidinoethyl 
sulfonate (GES; 10 grams per liter in drinking water; age 1 to 3 
months) of the Na+-dependent taurine transporter resulted in an 
increase in qAF (GES: 0.91±0.04 qAF units; control: 0.77±0.03 qAF 
units; mean±SEM, p < 0.05).
Conclusions: The formation of A1-taurine indicates that taurine can 
sequester retinaldehyde. Temporary sequestration has the potential 
to suppress bisretinoid formation. For instance, sequestration of 
retinaldehyde by taurine could aid the reduction of the aldehyde 
moiety to a non-toxic alcohol by retinol dehydrogenase. Accordingly, 
we observed a reduction in qAF.
Commercial Relationships: Hye Jin Kim, None; Jin Zhao, None; 
Janet R. Sparrow, None
Support: National Eye Institute/ EY12951 and P30EY019007, 
a grant from Research to Prevent Blindness to the Department of 
Ophthalmology
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Targeted Deletion of Elongation Very Long-Chain Fatty Acid 
Like 1 (ELOVL1) in Mouse RPE Resulted in Acceleration of the 
Visual Cycle
Songhua Li1, Kota Sato1, Hayley P. Hilton1, Joshua L. Dunaief2, 
Minghao Jin1. 1Ophthalmology and Neuroscience, LSU Health 
Sciences Center, New Orleans, LA; 2Ophthalmology, Scheie Eye 
Institute, University of Pennsylvania, Philadelphia, PA.
Purpose: RPE65 is the key retinoid isomerase that catalyzes the 
synthesis of 11-cis-retinol from all-trans retinyl fatty acyl esters in 

RPE. Through screening of a bovine RPE cDNA library, we have 
previously identified ELOVL1 as a negative regulator of RPE65. In 
this study, we generated a mutant mouse line to define the role of 
ELOVL1 in regulation of the visual cycle in vivo.
Methods: A targeting vector with LoxP sites at the up and down 
streams of the ELOVL1 coding region was generated by standard 
methods. Using this vector and ES cells, we generated Elovl1-LoxP 
mice. We then crossed the mutant mice with Best1-Cre mice to 
generate RPE-specific ELOVL1 knockout (RPE-Elovl1-/-) mice. 
Expression levels and cellular distribution patterns of proteins 
were analyzed by immunoblot analysis and immunohistochemistry. 
The visual cycle rates were determined by measuring synthesis of 
11-cis-retinal in mice adapted to dark for different times following 
photobleaching of rhodopsin. Activity of retinoid isomerase was 
measured by monitoring synthesis of 11-cis-retinol from all-trans-
retinol substrate incubated with mice RPE. Retinoid was analyzed by 
high performance liquid chromatography.
Results: Immunoblot analysis showed that Cre was expressed in 
retina-RPE homogenates of the Best1-Cre and RPE-Elovl1-/- mice, but 
not wild-type and Elovl1-LoxP mice. Similar to the Best1-Cre mice, 
Cre was localized to nuclei of RPE cells in immunohistochemistry of 
retinal sections from RPE-Elovl1-/- mice. The RPE-Elovl1-/- mice are 
apparently normal and their structure of the neural retina was similar 
to that of wild-type mice. In addition, expression levels of RPE65 
and LRAT in the RPE-Elovl1-/- mice RPE were similar to those in 
Best1-Cre and Elovl1-LoxP mice. However, synthesis activities of 
11-cis-retinol from all-trans-retinol in the RPE-Elovl1-/- RPE were 
significantly higher than those in Best1-Cre and Elovl1-LoxP mice 
RPE. Consistent with this result, dark-adaptation rates measured by 
the synthesis rates of 11-cis-retinal were accelerated in RPE-Elovl1-/- 
mice, as compared to Best1-Cre mice.
Conclusions: The RPE-Elovl1-/- mouse is a useful model for studying 
the role of ELOVL1 in vision and retinal health. ELOVL1 negatively 
regulates the visual cycle by inhibiting the synthesis of 11-cis-retinol 
in RPE.
Commercial Relationships: Songhua Li, None; Kota Sato, None; 
Hayley P. Hilton, None; Joshua L. Dunaief, None; Minghao Jin, 
None
Support: NIH Grants EY021208, P30GM103340, EY015240, and 
RPB
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Structure and function of the aa108-126 mobile loop of RPE65
T. Michael Redmond, Sheetal Uppal, Tingting Liu, Susan Gentleman, 
Eugenia Poliakov. LRCMB, NEI, NIH, Bethesda, MD.
Purpose: While the solved structures of RPE65 retinol isomerase 
have provided invaluable insights into its catalytic mechanism 
and endoplasmic reticulum (ER) membrane interaction, none of 
the structures to date provide high resolution of the critical loop 
containing aa110-126 of RPE65. This putatively mobile loop, 
containing a PDPCK motif highly conserved in the carotenoid 
oxygenase family, in RPE65 is thought to interact with the ER 
membrane, in part via the putatively palmitoylated C112 residue. We 
used in vitro biochemical approaches to study the role of this loop.
Methods: Secondary structure, helical wheel projections and other 
modeling were carried out using web-based tools. The RPE65 ORF, 
cloned into the pVIT2 expression vector, was individually mutated 
by site-directed mutagenesis (SDM) to alanines at residues aa108-
126. In addition, selected residues were mutated to other residues 
as required. Resultant purified mutant plasmids were assayed for 
isomerase activity in a minimal visual cycle assay by transfection into 
HEK293F cells.
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Results: Secondary structure analysis of the aa108-126 loop of 
RPE65 predicts an amphipathic alpha helical structure with the key 
C112 found in the hydrophobic face, spatially flanked by highly 
hydrophobic Phe residues. In contrast, the hydrophilic face is 
overall basic in charge. The relatively high magnitude (7.36) of the 
calculated hydrophobic moment reflects the contrast between the 
hydrophobic and hydrophilic faces of the predicted helix. The effect 
on the retinol isomerase activity seen in the panel of alanine mutants 
varies from little or no change to loss of activity. About one-third of 
these 19 residues when mutated to alanine have severe or total loss 
of activity, and include ones on both hydrophobic and hydrophilic 
aspects of the predicted helix. Significantly, SDM of a number of 
these residues involving nominally conservative changes (e.g., Asp 
to Glu, or Asn to Gln) were often as damaging as change to Ala, 
indicating the importance not only of residue polarity but also of 
residue side-chain length.
Conclusions: Our analysis of the putatively mobile aa108-126 
loop of RPE65 indicates an important role in RPE65 function. We 
conclude that the contrast between hydrophobic and hydrophilic faces 
of this putative amphipathic helix is important to its function. We 
propose that the hydrophobic face embeds into the ER membrane; 
the precise role of the charged hydrophilic face, however, remains 
unclear.
Commercial Relationships: T. Michael Redmond, None; 
Sheetal Uppal, None; Tingting Liu, None; Susan Gentleman, 
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The Retinol Binding Protein Receptor 2 (Rbpr2) is required for 
Photoreceptor Health and Visual Function in Zebrafish
GLENN P. LOBO2, 3, Gayle Pauer1, Stephanie A. Hagstrom1, 
Joshua Lipschutz2. 1Cole Eye Institute, Cleveland Clinic, Cleveland, 
OH; 2Nephrology, Medical Unversity of South Carolina, Charleston, 
SC; 3Ophthalmology, Medical University of South Carolina, 
Charleston, SC.
Purpose: Short-term dietary Vitamin A deficiency (VAD) manifests 
as night blindness, while prolonged VAD causes RPE and 
photoreceptor degeneration. Therefore, a sustained uptake and supply 
of dietary Vitamin A, for ocular retinoid production, is essential 
for visual function. However, mechanisms influencing the uptake 
of dietary vitamin A, for ocular retinoid production, are not fully 
understood. We investigated the physiological role of the retinol 
binding protein receptor 2 (rbpr2), in zebrafish, for uptake of dietary 
Vitamin A/ Retinol/ROL, for vision.
Methods: ROL-binding capabilities of zebrafish Rbpr2 receptor 
was tested in stable NIH3T3 cells expressing Rbpr2. In-vivo Rbpr2 
mRNA expression patterns were visualized using whole-mount 
in-situ hybridization (WISH) in staged zebrafish larvae. TALEN 
genomic editing technologies were used to generate rbpr2 mutant 
zebrafish alleles. Consequences, of the loss of rbpr2 for ROL uptake, 
and subsequent retinoid production were measured in rbpr2-mutants 
by, immunohistochemistry, HPLC analysis and Optokintetic Reflex 
(OKR) tests, for visual function.
Results: Zebrafish Rbpr2 localized predominantly to the plasma 
membrane in NIH3T3 cells, and were capable of ROL uptake from 
its bound form. In staged zebrafish, Rbpr2 expression was evident 
in the intestine, liver and pancreas. In retinal cross-sections, rbpr2-

/- larvae showed smaller eyes, retinal lamination layer disruption 
and thinner RPE layer, as compared to wild-type sibling controls. 
Immunostaining for cones (PNA-568) and rods (Rho-488) at 5.5 days 

post fertilization, showed shorter OS lengths and loss of cone and 
rod staining in rbpr2-/- larvae, when compared to wild-type siblings. 
Finally, no consistent OKR was detected in rbpr2-/- larvae, which 
resulted in a flat contrast response function.
Conclusions: rbpr2-/- zebrafish larvae, showed significant eye 
phenotypes and loss of visual function. The loss of visual function 
correlated significantly with reduced cone and rod photoreceptor 
staining, likely due to low ocular retinoid levels. Therefore, based 
on our in-vitro and in-vivo analysis, Rbpr2 functions as a transporter 
for dietary ROL, and loss of this receptor significantly impacts 
photoreceptor health and visual function, in zebrafish.
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In vivo measurements and modeling of light-dependent 
lengthening and increased reflectivity of the mouse rod 
photoreceptor outer segments: G-protein activation-based 
optophysiology
Robert J. Zawadzki1, 2, Pengfei Zhang2, Mayank Goswami2, 
Edward N. Pugh2. 1Ophthalmology & Vision Science, University 
of California Davis, Sacramento, CA; 2Cell Biology and Human 
Anatomy, UC Davis, Davis, CA.
Purpose: To present our in vivo observations of OCT-based 
measurements of increase in length and reflectivity of the mouse 
photoreceptors outer segments associated with G-protein activation, 
and to propose a model explaining the light-dependent kinetics of 
observed signals.
Methods: We imaged retinas of Balb/c, C57Bl/6J and Gnat1-/- mice 
with a custom SLO-OCT system that allowed precise control of 
rhodopsin bleaching (over a 200-fold range). Infrared OCT was used 
to measure, over 5 min, the time course of rod outer segment (ROS) 
elongation and increases in backscattering in response to stimuli 
delivered to dark adapted mice.
Results: We observed no signals in response to light stimulation in 
Gnat1-/- mice (lacking transducing expression), and conclude that 
the optophysiologic effects are triggered by the G-protein cascade 
activated by photoisomerized rhodopsin. The maximal amplitude 
and rates of ROS swelling were 10.0 ± 2.1% and 0.11% s-1 of dark 
adapted length, respectively. The observed increase in backscattering 
from the base of the ROS is explained by a model of different 
cytoplasmic swelling rates of the nascent basal discs and the rest of 
the ROS.
Conclusions: The 10% elongation corresponds to an ~20% increase 
in cytoplasmic volume and interpreting the steady-state elongation as 
an osmotic equilibrium leads to the conclusion that total activation 
of phototransduction produces a remarkable 65 mOsM increase in 
osmolytes in the ROS, which constitutes a serious osmotic stressor. 
Translocation of transducin off the disc membranes and inter-
discal spring-like links may serve to reduce this stress, which could 
however be more serious in photoreceptors lacking normal structural 
integrity.
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Lengthening of ROS and increased backscattering from the OS base 
(IS/OS) and tips (ROST) in Balb/c mice in response to 10% bleach 
of the rhodopsin. A. Location of light exposure (blue rectangle) 
and OCT scans (4 red dashed lines). B, C. OCT B-scans taken 
before (B) and 2 min after (C) bleaching. D. The amplitude of the 
OCT backscattering from the IS/OS and from the ROST plotted as 
functions of time. E. The magnitude of the shift of the axial position 
of the ELM and IS/OS plotted as a function of time. F. The position 
shift of the IS/OS band plotted as a function of the amplitude of the 
OCT backscattering signal from the IS/OS and ROST.
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