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Tet-mediated DNA hydroxymethylation is required for retinal 
neurogenesis
Pawat Seritrakul1, 2, Jeffrey M. Gross1. 1Ophthalmology, University 
of Pittsburgh, Pittsburgh, PA; 2University of Texas at Austin, Austin, 
TX.
Purpose: Retinal neurons are derived from a common pool 
of progenitor cells (RPCs), serving as an ideal structure 
in which to study the epigenetic regulation of cellular 
differentiation. Tet enzymes convert 5-methylcytosine (5mC) into 
5-hydroxymethylcytosine (5hmC) epigenetic marks that regulate 
transcription. How 5mC and 5hmC facilitate gene expression that 
underlies retinal cell differentiation has not been resolved. This study 
tested the hypothesis that Tet activity is required for neurogenesis 
during retinal development.
Methods: We generated zebrafish mutants for tet2 and tet3 and 
inducible transgenic tet overexpression lines, and analyzed retinal 
development using immunohistological and gene expression assays. 
To determine whether tet2 and tet3 activity was required cell 
autonomously or non-autonomously, we generated chimeric embryos 
whose retinae were composed of clones of wild-type and tet2;tet3 
mutant cells.
Results: Homozygous tet2 or tet3 mutant embryos develop normally. 
However, double mutant (tet2;tet3) embryos show ocular defects; 
they are microphthalmic, and possess severely reduced numbers 
of differentiated retinal cells such as amacrine, photoreceptor and 
Muller glial cells, and while possessing differentiated RGCs, they 
nonetheless lack an optic nerve. Gene expression analyses reveal 
that while the normal cascade of proliferation is slightly prolonged, 
retinal cells are properly specified and exit the cell cycle but fail to 
terminally differentiate. RNA-seq analyses of dissected eye tissues 
identified reduced expression of markers of terminally differentiated 
retinal cell types and upregulation of non-ocular genes, suggesting 
that subsets of RPCs may be mis-specified when tet protein function 
is disrupted. Similarly, transgenic embryos with elevated Tet2 activity 
showed defects in photoreceptor terminal differentiation. Mosaic 
analyses demonstrate that tet activity regulates cell non-autonomous 
pathways required for normal retinal neuron differentiation.
Conclusions: This work is the first to determine the role of tet 
enzymes during retinal development and shows that tet-mediated 
5hmC conversion is required for retinal neurogenesis. Ongoing 
work is aimed at deciphering the mechanistic details underlying the 
neuronal differentiation defects observed in tet2;tet3 mutants and 
determining how tet activity regulates extrinsic pathways required for 
normal retinal development.

Commercial Relationships: Pawat Seritrakul, None; 
Jeffrey M. Gross, None
Support: RO1-EY18005
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Transcriptome Analysis of Optic Fissure Closure
Jiamin Ouyang1, 2, Mingzhe Cao1, 2, Shuyi Chen1, 2. 1ZhongShan 
Ophthalmic Center, Sun Yat-sen University, Guangzhou, China; 
2State Key Laboratory of Zhongshan Ophthalmic Center, Guangzhou, 
China.
Purpose: Coloboma is a sight-threatening ocular malformation 
caused by the failure of the optic fissure (OF) closure during 
development, and is generally related to other ocular abnormalities 
such as microphthalmia or anophthalmia. The mechanisms 
underlying optic fissure closure are poorly understood. Due to the 
direct involvement of the retinal progenitor cells surrounding the 
OF, we hypothesize that the genes specifically expressed in this 
area are critical for the OF closure. Thus, in this study we combined 
microarray, histology and animal model to explore the transcriptome 
of retinal progenitor cells lining along the OF.
Methods: We used laser-assisted micro-dissection to collect retinal 
progenitor cells surrounding the OF, as well as those in the nasal 
and temporal retina in E11.5 mouse embryos, and used microarray 
to compare the transcriptomes of different groups of cells. We then 
performed in situ hybridization (ISH) to verify the microarray results. 
Finally, we used antisense morpholino oligonucleotides (MOs) 
to knockdown interested genes in zebrafish embryos to study the 
functions of these genes in eye development.
Results: The transcriptome of retinal progenitor cells surrounding 
the OF was dramatically different from that of retinal progenitor cells 
inside of the retina. Among the differentially expressed genes, 1131 
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were dramatically upregulated, 660 downregulated. We chose the top 
50 differentially expressed genes, and used ISH to verify and further 
analyze their retinal tissue expression. The ISH results confirmed 
specific OF expression of 17 genes; 7 genes were actually expressed 
in migrating peri-ocular mesenchymal cells; 1 gene was enriched in 
dorsal retina; and the expression of the rest genes were too weak to 
be detected. Finally, we picked one gene-Shootin1, and used zebrafish 
to study its function during OF closure. Knocking down shootin1 by 
morpholinos resulted in coloboma formation in 88.7% injected fishes, 
and most of them also developed microphthalmia.
Conclusions: The retinal progenitor cells surrounding the closing OF 
express distinct transcriptomes compared to other retinal areas. The 
OF specific genes play critical roles in regulating the process of the 
OF closure.
Commercial Relationships: Jiamin Ouyang, None; Mingzhe Cao, 
None; Shuyi Chen, None
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Mmp-9 regulates proliferation and photoreceptor regeneration in 
the zebrafish
Nicholas Silva1, 2, Laura Kakuk-Atkins2, Milad Ashrafzadeh3, 
Peter Hitchcock2. 1Neuroscience, University of Michigan, Ann Arbor, 
MI; 2Ophthalmology and Vision Sciences, University of Michigan, 
Ann Arbor, MI; 3University of Michigan, Ann Arbor, MI.
Purpose: Müller glia serve as resident stem cells in the retina of 
the zebrafish. Photoreceptor death activates a complex network of 
signaling molecules expressed by dying neurons, surviving neurons, 
and Müller glia. Gene array data show that matrix metalloproteinase 
9 (mmp-9) is strongly upregulated after a photolytic lesion (Calinescu 
et al., 2009). mmp-9 has many functions following nervous tissue 
injury, however, the expression and function of Mmp-9 during 
photoreceptor regeneration are unknown.
Methods: qPCR was used to quantify the expression of mmp-9 
and genes encoding components of the inflammatory response, 
nfk-a, tnf-b, il-8, nfkb1 and nfkb2, at 8, 16, 24, 48, 72, 120, and 168 
hours post lesion (hpl). Mitotically active cells were labeled with 
BrdU between 24 and 48hpl. In situ hybridization for mmp-9 was 
performed on Tg[gfap:EGFP]mi2002 transgenic zebrafish followed 
by immunohistochemistry for BrdU and GFP. Zymogen assays were 
performed with protein lysates to evaluate Mmp-9 catalytic activity. 
To study Mmp9 function, CRISPR/Cas9 gene editing was used to 
create loss-of-function mutants. Images were collected using confocal 
microscopy and BrdU- and PCNA-labeled cells were counted.
Results: Photolytic lesions strongly induce the expression of mmp-9, 
tnf-a, tnf-b, il-8, nfkb1 and nfkb2. The expression of these genes 
peaks at 24hpl, which corresponds to when Müller glia re-enter 
the cell cycle. In situ hybridizations show that throughout this time 
course, mmp-9 is expressed by Müller glia and Müller glia-derived 
photoreceptor progenitors. Zymogen assays show that in wildtype 
fish between Mmp-9 is catalytically active. In contrast, there is no 
catalytic activity associated with mmp-9 mutants. Further, compared 
to wildtype fish, mmp-9 mutants have significantly more BrdU-
labeled cells in the inner nuclear layer following photoreceptor death. 
This hyperproliferation within the inner nuclear layer at 72hpl is 
evident at 168 hpl by an increase in the number of BrdU-labeled cells 
within the outer nuclear layer.
Conclusions: Our results show that photoreceptor death induces 
the expression of genes encoding inflammatory molecules, and the 
expression of mmp-9 is restricted to Müller glia and photoreceptor 
progenitors. Photolytic lesions induce hyperprolifieration in mmp-9 
mutants, demonstrating a critical role for mmp-9 in regulating  
injury-induced proliferation.

Commercial Relationships: Nicholas Silva, None;  
Laura Kakuk-Atkins, None; Milad Ashrafzadeh, None; 
Peter Hitchcock, None
Support: NIH T32 13934
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Murine Retinal Development, Morphology and Function in 
Albinism: Potential Implications for Therapeutic Development
Helena H. Lee, Jennifer Scott, Helen Griffiths, Andrew J. Lotery. 
Clinical and Experimental Sciences, University of Southampton, 
Southampton, United Kingdom.
Purpose: Albinism is a disorder of melanin biosynthesis 
characterised by abnormal retinal development & visual impairment, 
for which there is a paucity of effective treatments. Preclinical 
studies in murine albinism models are essential to develop novel 
therapeutics. It is necessary to develop a detailed understanding of  
in-vivo retinal development, morphology & function prior to 
performing proof of concept treatment studies. In this study, we 
characterise the retinal phenotype of the C57BL/6J-c2J null mouse 
model of oculocutaneous albinism (OCA).
Methods: We obtained 53 mixed cross-sectional and longitudinal 
in-vivo optical coherence tomography (OCT) and electroretinography 
(ERG) examinations from 9 C57BL/6J-c2J OCA mice at 4, 5, 6, 8, 12 
& 16 weeks of age, which were compared to 110 examinations from 
11 C57Bl/6J control mice. Retinal layer segmentation was performed 
using Bioptigen InVivoVue Diver 2.4 software. Generalised linear 
mixed regression modelling was used to analyse group differences.
Results: In comparison to control mice, there was evidence of a 
significant reduction in the combined ganglion cell & inner plexiform 
layer (p<0.01) and retinal pigment epithelium (p<0.0001) thickness 
measurements in OCA mice. Interestingly, the photoreceptor inner 
segment (IS) appeared to be significantly thicker in OCA (p<0.0001). 
We observed a decrease in photoreceptor IS, outer segment (OS) 
and end-tips (ETPRS) thickness between four and six weeks of age, 
followed by an increase in both groups. The magnitude of increase 
was greater in control mice, resulting in a significantly greater OS 
thickness at eight (p<0.01), twelve (p<0.0001) & sixteen (p<0.0001) 
weeks of age, ETPRS thickness at twelve (p<0.01) & sixteen 
(p<0.01) weeks of age, and elimination of the group differences in 
IS thickness by sixteen weeks. This corresponded with significant 
reductions in A (p<0.05) & B-wave (p<0.01) wave amplitudes on 
ERG in OCA, with mean (SD) A & B-wave amplitudes of -98.3 
(62.9) µV & 219.1 (90.1) µV in OCA and -113.0 (66.5) µV & 261.8 
(98.9) µV in control mice, respectively.
Conclusions: We have characterised the retinal phenotype of the 
C57BL/6J-c2J null mouse model of OCA, and identified several 
OCT biomarkers, which could be used to monitor in vivo murine 
responses to potential drug treatment(s). This is important for future 
translational studies & therapeutic development in albinism.
Commercial Relationships: Helena H. Lee, None; Jennifer Scott, 
None; Helen Griffiths, None; Andrew J. Lotery, None
Support: Academy of Medical Sciences Starter Grant for Clinical 
Lecturers; University of Southampton Research Management 
Committee Grant; Gift of Sight Starter Grant
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Proteoglycan deficient retinas demonstrate a retinal degeneration 
phenotype
Jeroen Bastiaans, Keerthana Jeyaseelan, Xin Zhang. Ophthalmology, 
Columbia University, New York, NY.
Purpose: Proteoglycans are a major component of extracellular 
matrix and have important roles in cell signaling, development and 
behavior. Proteoglycans are heavily glycosylated proteins that are 
expressed by almost every mammalian cell. In humans, congenital 
disorders including bone and skin disease due to proteoglycan 
deficiency have been reported. We found that proteoglycan deficient 
retinas of adult mice show retinal folds and pseudorosettes in the 
outer nuclear layer. In this study we hypothesize that proteoglycans 
contribute to the development of the outer limiting membrane (OLM) 
via a thus far unknown mechanism. We propose that impaired OLM 
development, due to proteoglycan deficiency, results in the formation 
of retinal folds and pseudorosettes in the outer nuclear layer.
Methods: UDP-glucose 6-dehydrogenase (Ugdh) is an enzyme 
involved in proteoglycan synthesis. Transgenic mice which were 
Ugdh-/- in the peripheral part of the retina were generated. Eyes of 
adult mice were analyzed by H&E staining and immunofluorescent 
staining for rhodopsin, N-cadherin and zonula occludens (ZO)-1.
Results: Ugdh-/- adult mouse retinas show retinal folds and 
pseudorosettes in the outer nuclear layer. The polarity of the 
photoreceptors, demonstrated by rhodopsin expression, was altered 
in the mutants as compared to controls. The OLM in these retinas, 
determined by altered N-cadherin and ZO-1 expression patterns, was 
absent in the mutant retinas as compared to control retinas.
Conclusions: Proteoglycan deficient retinas show retinal folds and 
pseudorosettes in the outer nuclear layer, in adult mice. Question 
remains whether it is the lack of OLM which consequently results in 
the formation of these retinal folds and pseudorosettes. This, together 
with which proteoglycans may be involved in this process, will be 
further studied in younger mice.

10x magnification of proteoglycan deficient retina and control retina 
(H&E)
Commercial Relationships: Jeroen Bastiaans, None; 
Keerthana Jeyaseelan, None; Xin Zhang, None
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Development of macular cone density in infant rhesus macaques 
measured longitudinally in vivo by adaptive optics imaging
Lauren Renner1, Trevor J. McGill2, 1, Kasie Paul1, Emily Johnson1, 
Travis B. Smith2, John W. Erdman3, Matthew Kuchan4, 
Martha Neuringer1, 2. 1Neuroscience, Oregon Health & Science 
University, Beaverton, OR; 2Casey Eye Insitute, Oregon Health 
Sciences University, Portland, OR; 3University Of Illinois, Urbana, 
IL; 4Abbott Nutrition, Columbus, OH.
Purpose: To characterize the development of infant macaque macular 
cone density longitudinally in vivo over the first 6 postnatal months.

Methods: Multimodal retinal imaging was used to define parameters 
of macular development in 6 fullterm, breast-fed, mother-reared 
rhesus macaque infants over the first 6 postnatal months. Adaptive 
optics imaging (ImagineEyes rtx1) was used to quantify central cone 
density at 1, 4 and 6 months postnatal age in all 6 infants and also 
at 2 and 3 months in 3. Spectral domain OCT imaging (Heidelberg 
Spectralis) was conducted at the same timepoints, and axial length 
measurements obtained with an IOL Master 300 were used to  
convert visual angle to mm. For adaptive optics imaging, 
approximately twenty 4 x 4 degree images were collected in order to 
create a 12 x 12 degree montage of the macula. The foveal center was 
identified by co-registering the montage with the OCT thickness map. 
Cone density, measured as deg2 and mm2, was measured using the 
Imagine Eyes AOdetect Mosaic Software (version 2.0) at every 0.25 
degree superior, inferior, nasal and temporal from the foveal center 
within the central 2 degrees, and at every 0.5 degree at eccentricities 
up to  
5 degrees depending on image quality.
Results: Although cone density at the foveal center is not resolvable 
in adult monkeys using the Imagine Eyes AO system, it can be 
resolved in the infant eye due to lower cone density and increased 
magnification resulting from small eye size. Peak foveal cone density 
was measurable in 4 of the 6 infants through 4 months of age, but 
not in any infant by 6 months of age. The average cone density in 
the foveal center was approximately 96,000 per mm2 (range 88,000 
– 116,000) at 1 month of age and 121,000 per mm2 (range 109,000 - 
126,000) at 2 - 4 months. In each infant, density measured as cones/
mm2 increased from 1 to 2 months but showed little or no further 
increase through 4 months. However, due to increasing eye size, 
density in cones/deg2 increased progressively in the central 6 degrees 
at each time point.
Conclusions: This study provides the first quantitative longitudinal 
measurement of postnatal macular cone density in primate infants 
in vivo. These normative data will provide the basis for examining 
alterations in macular development due to nutritional or genetic 
manipulations and retinal diseases.
Commercial Relationships: Lauren Renner, Abbott Nutrition (F); 
Trevor J. McGill, Abbott Nutrition (F); Kasie Paul, Abbott Nutrition 
(F); Emily Johnson, Abbott Nutrition (F); Travis B. Smith, None; 
John W. Erdman, Abbott Nutrition (F); Matthew Kuchan, Abbott 
Nutrition (E); Martha Neuringer, Abbott Nutrition (F)
Support: Abbott Nutrition through the Center for Nutrition, 
Learning, and Memory at the University of Illinois; NIH grant 
P51OD011092


