
 

 

CHARACTERIZATION OF THE RETINAL PHENOTYPE 

IN METHYLENE TETRAHYDROFOLATE REDUCTASE 

(MTHFR) DEFICIENT MICE, A MODEL OF MILD 

HYPERHOMOCYSTEINEMIA 

 

 

 

By 

Shanu Markand 

 

 

 

Submitted to the Faculty of the School of Graduate Studies 

of Georgia Regents University in partial fulfillment 

of the Requirements of the Degree of 

Doctor of Philosophy 

 

May 
 

2015



v 

 

CHARACTERIZATION OF THE RETINAL PHENOTYPE 

IN METHYLENE TETRAHYDROFOLATE REDUCTASE 

(MTHFR) DEFICIENT MICE, A MODEL OF MILD 

HYPERHOMOCYSTEINEMIA 

This thesis/dissertation is submitted by Shanu Markand and has been examined and 

approved by an appointed committee of the faculty of the Graduate School of Georgia 

Regents University. 

 The signatures which appear below verify that all required changes have been 

incorporated and that the thesis/dissertation has received final approval with reference to 

content, form and accuracy of presentation. 

 This thesis/dissertation is therefore in partial fulfillment of the requirements for the 

degree of Doctor of Philosophy. 

 

 

__________________  ________________________________ 

Date  Major Advisor 

 ________________________________ 

 Department Chairperson 

 ________________________________ 

 Dean, School of Graduate Studies 



vi 

 

ACKNOWLEDGEMENTS 
 

 

First, I would like to express gratitude to my advisor Dr. Sylvia Smith for her 

constant guidance and support throughout my Ph.D. training. Dr. Smith’s dedication, 

sincerity, passion, meticulousness, enthusiasm and leadership skills have inspired me 

immensely. I had a wonderful and rewarding experience as her student.   

I am grateful to all advisory committee members; Dr. Vadivel Ganapathy, Dr. 

Puttur Prasad, Dr. Pamela Martin and Dr. Alan Saul for their time and efforts. All of my 

committee members are exemplary scientists, teachers and incredible human beings and 

have always been very encouraging and helpful to me. I’m also grateful for my reader Dr. 

Kathryn Bollinger for her patience, knowledge and excellent suggestions that enhanced the 

quality of my thesis work.  

I would like to acknowledge the National Eye Institute and the Department of 

Cellular Biology and Anatomy Teaching Fellowship for the financial assistance.  

        I would like to thank Dr. Vadivel Ganapathy, Dr. Saul, Dr. Prasad, Dr. Pamela 

Martin, Dr. Alshabrawey, Dr. Caldwell, Dr. Liu, Dr. Sen, Dr. Sharma, Dr. Bartoli, Dr. 

Srinivas, and Dr. Fulzele for their collaboration and guidance.  

Several individuals have contributed to my project.  I would like to thank Dr. Rima 

Rozen from McGill University, Canada for the generous gift of breeding pairs of Mthfr 

heterozygous mice which formed the basis of my mouse colony and dissertation work. I 



vii 

 

am grateful to the histology core: Penny Roon, Libby Perry, and Donna Kumiski for their 

magnificent service. Many thanks to past members of our laboratory; Dr. Ganapathy, Dr. 

Bozard, Dr. Ha, Dr. Tawfik, Dr. Shanmugam, Dr. Mo, Cory Williams, and Kartik Angara 

for their incredible contribution towards my Ph.D. journey.  I am especially grateful to 

current members of Smith laboratory; Dr. Wang, Dr. Cui, Dr. Mysona and Jing for 

providing me a positive, fun-filled, stimulating work environment. I am blessed to have 

been a graduate student in the Department of Cellular Biology and Anatomy. I thank our 

graduate advisors; Drs. Lemosy and Hamrick for their time, patience and guidance. A 

special thanks to the CBA staff: Nan Eaton, Lynda Mitchell, Donna Tuten, Heide Andrews, 

and Sharon Lever for their tremendous support, positive attitude and sheer compassion. I 

am grateful to Dr. McNeil, Dr. Schoenlein, Dr. Gonsalvez and Dr. Hill for their positive 

encouragement and support during my experience as a histology teaching assistant. I am 

also grateful to the members of Vision Discovery Institute for providing us the platform to 

actively engage in vision research and interact with the leaders in the field. I would like to 

acknowledge, the school of graduate studies, GRU for providing me partial funds for - 

ARVO conference travel 2012-2015. 

        I thank my friends (Paulomi, Suchreet, Sneha, Suhikita and others) for their time, 

support and backing. I am indebted to my family members (Mr and Mrs. Markand (my 

parents), Mr and Mrs. Mohani (my parents- in-laws), Bua, Chacha, Chinoo and her kids 

for their unconditional love. My sister, Chinoo has always inspired me to work hard and 



viii 

 

have a positive attitude in life. Last but not least, I’d like to extend a special thanks to my 

husband Nadirshah Mohani and my son Aryan Mohani for their unparalleled love, support, 

dedication, patience and encouragement throughout this journey. 

 

 

 

 

 

 

 

 

 

 

 

 

 



ix 

 

Table of Contents 

 

List of Figures .................................................................................................................. xiv 

List of Tables ................................................................................................................... xvi 

Abbreviations ................................................................................................................. xviii 

Introduction 

 Eye .....................................................................................................................1 

 Retina .................................................................................................................4 

Histology .......................................................................................................5 

Retinal pigmented epithelial cells .................................................................7 

Photoreceptor cells ......................................................................................10 

                      Bipolar cells .................................................................................................12 

Amacrine and Ganglion cells……………………………………………...14 

Glial cells .....................................................................................................15 

                    In vivo retinal diagnostics ..............................................................................21 

 ERG…………………………………………………………………...21 

 SD-OCT .................................................................................................25 

 Fundus and fluorescein angiography .....................................................31 

 Hcy ...................................................................................................................33 

        Hcy and Diseases .............................................................................................37 



x 

 

       Cbs mutant mice ...............................................................................................38 

       Mthfr mutant mice ............................................................................................40 

       MS mutant mice ................................................................................................42 

       Hyperhomocysteinemia and Retina ..................................................................43 

       Mechanisms of hyperhomocysteinemia ...........................................................48 

       Mitochondrial dysfunctions as a mechanism of hyperhomocysteinemia .........49 

       Hypothesis and specific aims ...........................................................................53 

Methods  

Animals and primary cell culture ................................................................55 

qRT-PCR to detect Cbs gene in mouse retina .............................................55 

Western blot analysis to detect CBS in mouse retina ..................................56 

                       Immunodetection of CBS in intact retinal tissue and isolated retinal cells. 57 

Detection of CBS enzyme activity in primary Müller cells .........................59 

qRT-PCR to detect Mthfr gene in mouse retina ..........................................62 

Fluorescent in situ hybridization  ................................................................63 

Western blot analysis to detect MTHFR protein in mouse retina ...............64 

                       Immunohistochemical studies .....................................................................65 

                       Electroretinogram .......................................................................................68 

Fundus and fluorescein angiography ...........................................................69 

SD-OCT .......................................................................................................69 



xi 

 

                       Measurement of intraocular pressure ..........................................................70 

Microscopic evaluation and measurement procedures ................................70 

Immunofluorescence of retinal vascular and gliosis markers .....................71 

HPLC ...........................................................................................................72 

Immunohistochemical studies for hcy detection .........................................73 

                      Mitochondrial genes PCR arrays .................................................................73 

Results 

Aim1A: CBS expression studies 

 Expression of CBS in mouse retina .......................................................77 

 Expression of CBS in intact mouse retina .............................................80 

 Detection of CBS in isolated retinal cells .............................................82 

 Detection of CBS enzyme activity in primary Müller cells ..................84 

 Aim1B: MTHFR expression studies 

 Analysis of Mthfr gene and protein in mouse retina .............................86 

                             Analysis of MTHFR protein in mouse retina, cornea, lens, ciliary body                                      

                             and optic nerve……………………………………………………..... 87 

  Aim 2A: Retinal morphological and functional studies in living mice  

                             ERG  .....................................................................................................91 

                             Fundus and fluorescein angiography ....................................................93 

                             SD-OCT ................................................................................................95 



xii 

 

 Aim 2B: Retinal morphology and detection of retinal hcy in post-mortem mice  

                            Microscopic evaluation and measurement procedures ........................100 

 Immunofluorescence of retinal vascular and gliosis markers .............105 

 HPLC ...................................................................................................107 

 Immunohistochemical studies for hcy detection .................................107 

Aim 2C: Mitochondrial genes PCR array ........................................................................107 

Discussion ........................................................................................................................114 

Aim 1A ......................................................................................................115 

Aim 1B ......................................................................................................119 

Aim 2A ......................................................................................................120 

Aim 2B ......................................................................................................120 

Aim 2C ......................................................................................................121 

Summary ………………………………………………………………………………126 

References ........................................................................................................................130 

Appendix ..........................................................................................................................153 

             List of Figures .....................................................................................................155 

              List of Tables .....................................................................................................155 

             Table of content ..................................................................................................154 

         

  



xiii 

 

 Appendix 

             Introduction .........................................................................................................156 

              Results ................................................................................................................162 

              Discussion ..........................................................................................................178 

              References ..........................................................................................................184 

 



xiv 

 

List of Figures 
 

Figure 1:   The Eye ...............................................................................................................3                                                                               

Figure 2:  Retina Histology ..................................................................................................6 

Figure 3:   Overview of RPE functions.................................................................................9 

Figure 4:    Schematic of rods and cones ...........................................................................11 

Figure 5:    Microglia and Astrocytes ................................................................................18 

Figure 6:    Immunostaining of vimentin, a marker for Müller cells ..................................20 

Figure 7:    ERG .................................................................................................................22 

Figure 8:    Illustration of B-scan, VIP, Doppler and 3D modes of SD-OCT. ...................26 

Figure 9:    Illustration of mouse retinal thickness segmentation report ...........................27 

Figure 10:  Illustration of manual mode of retinal layers assessment by OCT .................30 

Figure 11:  Fundus and Fluorescein angiogram of C57BL6/J mouse ...............................32 

Figure 12:  Chemical structure of homocysteine and its derivatives .................................34 

Figure 13:  Homocysteine Metabolism ..............................................................................36 

Figure 14:  Schematic representation of the optic nerve head (ONH) showing distribution 

of mitochondria in the ganglion cells ................................................................................52 

Figure 15:  RT PCR and western blot analysis of CBS in mouse retina ............................79 

Figure 16: Immunohistochemical analysis of CBS in intact mouse retina ........................81 

Figure 17: Immunocytochemical analysis of CBS in isolated retinal cells………………83 

Figure 18: Detection of CBS enzyme activity in primary retinal Müller cells   .................85 



xv 

 

Figure 19: Assessment of Mthfr gene and protein expression ...........................................88 

Figure 20: Immunofluorescent co-localization of MTHFR in retina. ................................89 

Figure 21: MTHFR immunolocalization in ocular tissues .................................................90 

Figure 22:  ERG of retinal function in 12 and 24 wk Mthfr+/- mice ……………………92 

Figure 23: Fundoscopy and fluorescein angiography (FA) in Mthfr+/− mice……...…….94 

Figure 24: SD-OCT imaging in Mthfr+/- mice…………………………………………...96 

Figure 25: Automated segmentation analysis of RNFL in Mthfr+/- mice..……………….97 

Figure 26: Quantification of whole retinal and RNFL using OCT………………………98 

Figure 27: Quantification of retinal layers thickness by OCT ...........................................99 

Figure 28: Histology of retinas from Mthfr+/- mice at 24 wks …………………………102 

Figure 29: Corneal abnormalities in Mthfr+/- mice…………………………………….103 

Figure 30: Histological examination of Mthfr+/- mice eyes…………………………….104 

Figure 31: Immunofluorescent detection of GFAP and Isolectin-B4...............................106 

Figure 32: Homocysteine detection by HPLC and IHC ...................................................108 

 

 

 

 

 

 

 

 

 

 



xvi 

 

List of Tables 
 

Table I: qRT PCR primers used for Cbs and Mthfr gene expression studies. ...................58 

Table II: Antibodies used for immunohistochemical and immunoblotting analysis. .........61 

Table III: Animals used for characterization of the retinal phenotype in Mthfr+/- mice ...66 

Table IV: List of mitochondrial genes in targeted mitochondrial PCR array. ..................75 

Table V: Expression changes of mitochondrial genes in retinas of Mthfr+/- mice. ..........111 

Table VI: Comparison between the retinal phenotype in Mthfr+/- and Cbs+/- mice .........129 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xvii 

 

List of Figures (Appendix) 
 

Figure 1:   Detection of rd8 mutation...............................................................................157                                                                              

Figure 2:  Crb1 protein localization in the mouse retina.  ..............................................159 

Figure 3:   Body weight and IOP in Mthfr+/-rd8/rd8 mice.   ................................................164 

Figure 4:   ERG responses in Mthfr+/+rd8/rd8 and Mthfr+/-rd8/rd8 mice at 32 weeks ............166 

Figure 5:    ERG responses in Mthfr+/+rd8/rd8 and Mthfr+/-rd8/rd8 mice at 52 weeks ...........167 

Figure 6:    Fundoscopy and fluorescein angiography in Mthfr+/-rd8/rd8 mice   ................168 

Figure 7:    Details of vascular alterations in Mthfr+/-rd8/rd8 mice by FA. ........................170 

Figure 8:    Histology of retinas of Mthfr+/-rd8/rd8 mice (age: 8-52 weeks).   .......................172 

Figure 9:  Total number of nuclei in the GCL and number of cell rows……………………173 

Figure 10: Thickness of retinal layers of Mthfr+/-rd8/rd8 mice (8-52 wks). ........................175 

Figure 12:  Assessment of retinal blood vasculature and gliosis in retinal flatmount .....175 

Figure 12:  GFAP and Vimentin immunoblotting in Mthfr+/-rd8/rd8 mice at 52 weeks ..... 177 

Figure 13: Corneal and lens abnormalities in Mthfr+/-rd8/rd8 mice ………………………… 179 

 

List of Tables (Appendix) 
 

Table I: Animals used in the study ...................................................................................163 

 

 



xviii 

 

Abbreviations 

 

ANOVA Analysis of variance 

AOAA Aminooxyacetic acid 

ARVO Association for Research in Vision and Ophthalmology 

BDNF Brain-derived neurotrophic factor 

CBS Cystathionine β-synthase 

CGL Cystathionine γ-lyase 

CYS Cysteine 

DAPI 4',6-diamidino-2-phenylindole 

DMEM Dulbecco’s modified Eagle medium 

DNA Deoxyribonucleic acid 

ER Endoplasmic reticulum 

ERG Electroretinogram 

ELM External limiting membrane 

FA Fluorescein angiography 

FISH Fluorescent In-situ hybridization 

GABA               γ-aminobutyric acid       

GAPDH             Glyceraldehyde 3-phosphate dehydrogenase  

GCL Retinal ganglion cell layer 



xix 

 

GFAP Glial fibrillary acidic protein 

GSH Glutathione 

Hhcy Hyperhomocysteinemia 

HPLC High performance liquid chromatography 

IHC Immunohistochemistry 

ILM Inner limiting membrane 

INL Inner nuclear layer 

IOP Intraocular pressure 

IPL Inner plexiform layer 

IS Inner segments of photoreceptor cells 

LGN Lateral geniculate nucleus 

MTHF 5-methyl-tetrahydrofolate 

MTHFR N5,N10-methylene tetrahydrofolate reductase 

MS Methionine synthase 

NFL Nerve fiber layer 

NOS Nitric oxide synthase 

OCT Optical Coherence Tomography 

OLM Outer limiting membrane 

ONL Outer nuclear layer 

OPL Outer plexiform layer 



xx 

 

OS Outer segments of photoreceptor cells 

PBS Phosphate buffered saline 

qRT-PCR Quantitative real-time polymerase chain reaction 

RNA Ribonucleic acid 

ROS Reactive oxygen species 

RPE Retinal pigment epithelium 

RT Room temperature 

SAH S-adenosylhomocysteine 

SAM S-adenosylmethionine 

STR Scotopic threshold response 

TNFα Tumor necrosis factor α 

VIP Volume Intensity Projection 



1 

 

 

I. INTRODUCTION 
 

 

The visual system is the primary source by which information is acquired by the human 

brain (Fernald, 1997). The eye is the organ responsible for vision. Blindness is a 

devastating condition as it affects the quality of life severely. In addition, there are financial 

consequences associated with blindness. Most untreatable disorders of vision that lead to 

blindness are due to disorders/degeneration of the retina. Retina is the photosensitive layer 

of the eye responsible for vision (Young et al, 2006). Several factors: genetic, 

environmental, systemic disease have been explored in the pathophysiology of various 

retinal disorders. One factor implicated in retinal diseases is excess levels of the amino acid 

homocysteine (hcy) (Selhub et al, 1999). The purpose of these studies was to analyze the 

expression of Cbs and Mthfr, key enzymes of hcy pathways in the mouse retina and to 

characterize the retinal phenotype in Mthfr deficient mice.  To lay the foundation for this 

thesis, this introduction is organized in the following way: The eye, retina and retinal in-

vivo diagnostics are described first. This is followed by description of hcy metabolism and 

its association with retinal diseases and mitochondrial dysfunction as a possible mechanism 

of hyperhomocysteinemia (Hhcy)-mediated retinal damage. 

 

The Eye:  The eye is divided into three tunics: the outer cornea-scleral layer, the middle 

uveal layer and the inner retinal layer (Fig.1) (Young et al, 2006).                          
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Corneo-scleral layer: The cornea is the main refractive tissue of the visual system. It is 

located in the anterior segment of the eye and is transparent, with slight curvature. The 

transparency and curvature help in focusing the light rays onto the retina.  It is avascular 

and richly innervated by nerve endings. It is nourished by aqueous humor. Histologically, 

it is divided into outer epithelium, which rests on Bowman’s membrane, the bulk of 

cornea is made up of substantia propria consisting of regularly arranged collagen fibers 

(Young et al, 2006); and the inner surface of cornea rests on Decement’s membrane. The 

sclera is a whitish fibroblastic connective tissue surrounding the eye. The corneo-scleral 

junction is called the limbus (Young et al, 2006). 

 

The uveal layer: The intermediate layer consists of choroid, ciliary body and the iris. The 

choroid is a heavily pigmented vascular layer of the eye. It nourishes the photoreceptors 

and the RPE layer of the retina. The lens is biconcave, transparent tissue responsible for 

converging the light rays received by the cornea on the retina. The lens is held in position 

by the suspensory ligaments. The ciliary body contains smooth muscle which controls the 

shape of the lens by regulation of the tone of the suspensory ligament. Anterior to the lens, 

the iris forms the diaphragm that controls the amount of light converging onto the retina. 

The iris performs this function by controlling the size of the aperture in front of the eye 

known as the pupil. The iris divides the eye anatomically into anterior and posterior 

segments (Fig.1). The ciliary body secretes a watery fluid, aqueous humor.  
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Figure 1. 
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The aqueous humor provides nourishment to the cornea and lens. The posterior segment 

contains a thick gel-like compartment known as vitreous body. The vitreous is a non-

refractive optical medium that provides support to the lens and the retina (Young et al, 

2006). 

 

The retinal layer: The retina is the photosensitive tissue of the eye. Anteriorly, the retina 

extends to become the epithelium of the ciliary body and iris (as ora serrata) while 

posteriorly, it continues with the optic nerve. The inner retina faces the vitreous body and 

the outer surface of retina is in contact with Bruch’s membrane. At the central region of 

the retina, there is an oval area, macula lutea (macula), with a central depression, the fovea 

centralis. The fovea consists only of densely-packed cone cells, hence this region has the 

highest visual acuity. The optic nerve of the retina exits at the optic disc. The optic disc is 

devoid of photosensitive rod and cone cells; thus it has no light sensitivity and is known as 

the blind spot (Fig.1). The retina has three main cell subtypes; the epithelial cells (RPE); 

the glial cells (microglia, astrocytes and Müller cells) and neurons (rods, cones, amacrine, 

bipolar, horizontal and ganglion cells) (Fig.2A). The retina is supplied by two major 

arteries; the choroid and the central retinal artery. The choroid nourishes the RPE cells and 

photoreceptors, and the central retinal artery supplies nutrients to the remaining retina. For 

regulation of flow of nutrients and other molecules, retina has two blood- retinal barriers 

(BRB). The outer BRB is maintained by tight junctions between adjacent RPE cells. The 
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inner BRB is formed by junctions between endothelial cells of retinal capillaries (Williams 

et al, 1997; Forrester et al, 2001).  

Histologically, the mammalian retina is organized into 10 layers (Fig. 2).  The outer layer 

is an outer pigmented layer, the retinal pigment epithelium. Remaining layers are part of 

neurosensory layer, termed the neural retina. It comprises the inner limiting membrane 

(ILM), the nerve fiber layer (NFL), the ganglion cell layer (GCL), the inner plexiform layer 

(IPL),  the inner nuclear layer (INL), the outer plexiform layer (OPL), the outer nuclear 

layer (ONL), the outer limiting membrane (OLM), the inner and outer segments (IS/OS) 

of the photoreceptors and the RPE. The nuclear layers, as the name suggests, consist of 

nuclei of different retinal cells while the plexiform layers are where the synaptic junctions 

recide.  A detailed description of the individual types of retinal cells is provided below. 
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  Figure 2 
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Retinal Pigmented epithelial cells (RPE): RPE cells are cuboidal epithelial cells arranged 

in the form of a monolayer in the retina (Fig. 3). There are ~3.5 × 106 RPE cells in human 

retina (Panda et al, 1996). The RPE layer is located between the outer segments of the 

photoreceptors cells above and Bruch’s membrane below. Bruch’s membrane separates the 

RPE layer from the choriocapillaris. The subretinal space is a potential space between 

retina and RPE. The RPE cells display regional variation in morphology and function. The 

RPE cells in central retina are taller and narrower while in the peripheral retina they are 

flatter and less densely packed (Burke et al, 1996). The RPE cells exhibit cellular polarity 

with distinct apical surface features and functions (facing outer segments) compared with 

its lateral (facing neighboring RPE cell) and basal surface (towards the Bruch’s 

membrane). The apical surface possesses numerous microvilli and expresses transposter 

proteins (Gunderson et al, 1991; Philp et al, 2003; Ryeom et al, 1996). The lateral surface 

expresses occludin, cadherin and connexin junctional proteins. The basal surface has 

numerous infoldings with distinct proteins such as MCT3, bestrophin 1 and a distinct 

family of integrin receptors (Gallagher et al, 2010). Normal RPE functioning is critical for 

maintaining normal retinal heath particularly for normal photoreceptor cell function 

(Strauss, 2005). The RPE transports nutrients such as glucose, vitamins and fatty acids 

from the choriocapillaris to the photoreceptor cells and ions, water, and metabolic end 

products from the subretinal space to the choriocapillaris. The melanin pigment granules 

in the RPE absorb scattered light and protect retinal cells from excess photo-oxidation and 

ROS damage (Boulton, 1998). RPE cellular machinery is well equipped for handling high 
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amounts of oxidative stress, damage to DNA, proteins and lipids (Boulton, 1991). 

Impairment of these protective properties of RPE increases with age and results in higher 

susceptibility to DNA damage, oxidative stress and accumulation of light pigment 

molecules such as lipofuscin (Sparrow and Boulton, 2005). These changes are implicated 

in the pathogenesis of AMD (Strauss, 2005). The apical surface of RPE has numerous villi 

that interdigitate with the outer segments of the photoreceptors. One RPE cell interdigitates 

with 30-45 photoreceptor cells (Bok, 1993). Oxidative damage and prolonged exposure to 

light renders photoreceptor outer discs susceptible to damage. The outer discs are 

phagocytized daily by RPE with the help of apical villi. Maintenance of the blood retinal 

barrier is another important function of RPE (Rizzolo, 1997). RPE cells adhere to 

neighboring RPE cells with the help of tight junctions. These tight junctions combined with 

Bruch’s membrane form a selectively permeable outer blood retinal barrier that is 

important for maintaining the extracellular environment of retina (Rizzolo, 1997; Strauss, 

2005). The RPE secretes growth factors (VEGF, TGFβ, NGF, BDNF, EPO, FGF, BMP, 

CTGF, MCP-1and PEDF) (Schlingemann, 2004) and cytokines (TNFα, IL6, IL8 and 

endothelin 1) to maintain normal retinal physiology (Detrick and Hooks, 2010). In addition, 

RPE cells convert 11-trans-retinal to 11-cis-retinal, a critical molecule required for the 

phototransduction process (visual cycle) (Thompson and Gal, 2003).  
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 Figure 3 
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The RPE cells are also crucial for providing immune privilege in the subretinal site 

(Streilein et al, 2007). Immune privilege is implicated in tissue graft tolerance and survival. 

Impairment in the above described functions of RPE cells results in severe retinal 

pathological conditions leading to partial or complete blindness (Strauss, 2005). 

 

Photoreceptor cells: The photoreceptor cells (PRCs) are first order neurons of the 

visual process. There are two types of PRCs, rods and cones, in the mammalian retina. 

Their cell bodies are located in the ONL and synaptic connections are in the OPL. 

Structurally, PRCs consist of the synaptic terminal, the nuclei, the inner segment (IS) and 

the outer segment (OS) (Williams et al, 1995; Young et al, 2006). The discs in the OS of 

cones contain the photosensitive pigments termed photopsins while the rod cells contain 

the pigment rhodopsin (Fig. 4). These discs are shed (phagocytized by the RPE cells) and 

renewed regularly with newer discs towards the cell body and older discs towards the RPE 

cells. Ninty five percent of PRCs are rod cells. These cells are smaller, more dense and 

responsible for vision in dim light. There are ~100 million rods cells in human retina. The 

cone cells account for ~5% of PRCs and are responsible for visual acuity in bright light. 

There are ~6 million cones in human retina and ~190,000 in mouse retina. In humans, the 

highest density (200,000/mm2) of cones is observed in a specialized region of the retina 

termed the fovea (Finnemann et al, 1997; Cursio et al, 1987). The highest visual acuity is 

observed in the foveal region. 
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  Figure 4 
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PRCs synapse with bipolar and horizontal cells (Williams et al, 1995; Young et al, 

2006).  PRCs are also in contact with Müller cells (in the external limiting membrane) and 

with RPE cells.  Phototransduction, a process of conversion of light energy into neuronal 

impulse, is the main function performed by PRCs. In the dark, PRCs are relatively 

depolarized and release glutamate. Light absorption lead to a conformational changes in 

photosensitive pigments in the outer discs of PRCs. This conformational change triggers 

activation of a biochemical signaling cascade that results in hyperpolarization (activation) 

of PRCs. The signal is then relayed and modulated by second order neurons (bipolar, 

horizontal and amacrine cells) to the final output neuron, ganglion cells, of the retina. The 

axons of ganglion cells form the optic nerve, which transmits the visual signal to the brain. 

PRC dysfunction underlies several retinal degeneration disorders resulting in partial or 

complete visual loss (Chen, and Sampath, 2013). 

 

Bipolar cells:  Bipolar cells are second order retinal neuronal cells. These are excitatory 

neurons that use glutamate as the neurotransmitter. There are approximately 35.7 million 

bipolar cells in the human retina. Their cell bodies are located in the INL. The bipolar cell 

synapses with rods, cones, horizontal, amacrine and other bipolar cells. Bipolar cell 

dendrites synapse with the ganglion cells directly and indirectly via the amacrine cells.  

Transmission of the signal from photoreceptor cells to ganglion cells is the main function 

performed by bipolar cells. There are more than 12 different types of cone-type bipolar 

cells while only one rod-type bipolar cells. Bipolar cells are categorized into several types 
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according to their neurochemical responses and synaptic connections. The bipolar cells are 

classified into ON (depolarizing to light increments) and OFF (hyperpolarizing to light 

increments) bipolar cells based on their response to light stimuli. Based on their synaptic 

connections, bipolar cells are further classified into rod or cone bipolar cells or midget and 

diffuse cone bipolar cells. Midget bipolar cells are in contact with a single cone 

photoreceptor, a single ganglion cell, and mediate high spatial resolution. The diffuse cone 

bipolar cells as the name suggest make numerous connections with photoreceptors cells 

(Euler et al, 2014). 

 

Horizontal cells: Like amacrine cells, horizontal cells are inhibitory interneurons. 

Horizontal cells synapse with rod and cone photoreceptor cells. Their cell bodies are found 

in the outer region of INL near OPL. Several types (A, B or H1, H2 and H3) of horizontal 

cells have been identified in other mammals while rodents have only one type.  A-type 

horizontal cells have irregular morphology with no axons. B-type are smaller, more 

symmetrical and with axons. H-types are observed in primate retinas. The main functions 

of horizontal cells include improving spatial resolution, sharpening of contrast and 

integration of photoreceptor signals. In the dark, the photoreceptor cells release glutamate 

which depolarizes horizontal cells. Upon depolarization, horizontal cells release GABA to 

an adjacent photoreceptor cell. This results in hyperpolarization leading to inhibition of 

photoreceptor signals (Crook et al, 2011; Vaney, 1993). 
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Amacrine cells: The amacrine cells in the retina are inhibitory interneurons. Their cell 

bodies are located either in the INL or in the GCL while their synapses are in the IPL. More 

than 33 types of amacrine cells have been identified in mammalian retina. This 

classification is based on the type of neurotransmitter released (GABA, glycine or neither), 

dendrite morphology (narrow, medium and wide field) and synaptic connections. Main 

functions of amacrine cells include feedback inhibition to bipolar cell signals, feed forward 

signal to ganglion cells, and reducing noise level (MacNeil et al, 1998; Zhang and McCall, 

2012). 

 

Ganglion cells: The retinal ganglion cells (RGC) are the final output neurons of the retina. 

Their cell bodies are located in GCL. There are ~1.5 million RGCs in the human retina and 

60,000 in the mouse retina (Levin et al 2011, Sanes and Masland, 2015). RGCs receive 

visual signals from the PRCs via bipolar and amacrine cells and transmit this information 

to the visual processing areas, including the lateral geniculate nucleus (LGN) among its 

various targets in the brain. RGCs produce action potentials suitable for long distance 

transmission of visual signals and use glutamate as a neurotransmitter. RGCs are classified 

into 10-15 subtypes. The criteria include size, morphology, receptive field, color, 

stratification, branching pattern, and type of projections (Sanes and Masland, 2015). ON-

type RGCs communicate with ON-bipolar cells and OFF-type RGCs synapse with OFF-

type bipolar cells. ON and OFF RGCs are further classified as X and Y subtypes. X-type 

respond to light stimuli while Y-type have a faster response involved in eye movements. 
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Parvo or P–type RGCs, magno or M-type and K-type correspond morphologically into 

midget, parasol and koniocellular class, respectively. The midget cells are smaller in size, 

dominate in the central retina, project to parvocellular layers of LGN and are responsible 

for color information among other things. Parasol-type are larger in size, dominant in the 

peripheral retina, project to the magnocellular layer of LGN and are responsible for contrast 

sensitivity among other things.  The bistratified type of RGCs project to the parts of the 

basal optic system. Some types of RGCs also project to the superior colliculus and are 

involved in generation of rapid eye movements (Berson, 2002; Dacey, 1994 and 

Famiglietti, 2009). There is another subclass of RGC known as intrinsically photosensitive 

RGCs (iPRGCs). iPRGCs have photosensitive melanopsin pigment and are involved in 

pupillary light reflex and circadian rhythm amon other things. iPRGCs constitute 1-3% of 

total RGCs and are subdivided into M1-M5 categories (Schmidt, et al, 2011;). Ganglion 

cell pathologies are implicated in various retinal diseases such as glaucoma and diabetic 

retinopathy (Barber et al, 1998; Nickells et al, 1996). Axons of ganglion cells form the 

optic nerve. The optic nerve relays information from the retina to the LGN. The region of 

the retina where the optic nerve exits the eye is known as optic disc. This region has no 

photosensitive RGC and hence is known as the blind spot. (Burkitt et al, 1993).  

 

Glial cells:  The glial cells in the retina are classified into macroglia (astrocytes and Müller 

cell) and microglia cells. More than 90% of glial cells in the retinal are Müller cells. Normal 

function of glial cells is crucial for maintaining retinal homeostasis. 
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Microglia: Microglia are resident retinal macrophages originating from mesenchyme. 

These are normally located in GCL and IPL of the retina and account for 1-5% of the retinal 

glial cells (Langmann, 2007). Microglia are crucial for regulation of retinal immune system 

function and clearance of cellular debris after cell death (Langmann, 2007; Chen et al, 

2002; Zeng et al, 2008). Iba1, a calcium binding protein, is used as a marker for microglial 

cells. Under normal or unstressed conditions, microglia exhibit ramified morphology 

(Fig.5, top left panel). Upon activation (due to infection or pathological alterations) these 

cells convert into amoeboid morphology (Fig.5, top right panel) for clearing of dead 

neurons by phagocytosis and can migrate to other layers in the retina (Karlstetter et al, 

2010). Recent studies implicate microglial activation in PRCs apoptosis, retinal 

degeneration and AMD (Ma et al, 2009). 

 

Astrocytes: Astrocytes constitute ~9% of total glial cells in the retina. Astrocyte cell bodies 

are limited to the NFL (Schnitzer, 1987; Stone and Dreher, 1987). Astrocytes are stellate 

shaped with radiating processes. These processes have abundant expression of intermediate 

filaments such as glial fibrillary acidic protein (GFAP). Thus, astrocytes are robustly 

positive for anti-GFAP staining (Bignami et al, 1972; Karschin et al, 1986). There is 

regional morphological variation in the type of astrocytes in the retina. The astrocytes in 

the peripheral retina are more symmetrical and stellar shaped while those in the central 

retina or in the optic nerve head are elongated. The astrocytes near the lamina cribrosa 
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(lamina cribrosa-cyte) region have the special function of secretion of extra cellular matrix 

and laminar proteins (Hollander et al, 1991). Astrocytes are an integral part of the retinal 

neuro-glial-vascular unit, important for maintaining normal neuronal function. Astrocytes 

are important for nourishment of ganglion cells (providing glycogen), regulation of 

potassium levels and ionic balance, metabolism of GABA and formation of glia limitants 

(Fletcher et al, 2008). Under pathological conditions, astrocytes become more hypertrophic 

with enlarged processes with a ragged appearance (Fig.5, bottom right panel). This is 

accompanied by upregulation of cytoskeletal proteins (vimentin, GFAP, and nestin), 

cytokines, survival factors, chemokines and complement cascade genes. Astrocyte 

dysfunction is implicated in retinal diseases such as glaucoma (Hernandez et al, 2008). 
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Müller glia: The Müller cells are primary glial cells of the retina.  Müller cells span across 

the entire retinal width from the inner limiting membrane (ILM) to the external limiting 

membrane (ELM) (Fig. 6). Their cell bodies are located in the INL and project numerous 

processes to the outer limiting membrane and to the inner limiting membrane (Reichenbach 

and Robinson, 1995). There are 8-10 million Müller cells in the human retina (Reichenbach 

and Robinson, 1995; Reichenbach and Bringmann, 2010). Müller cells perform a wide 

range of functions for maintaining a healthy retina. Müller cells provide a scaffold to 

maintain normal retinal architecture, provide metabolic support to retinal neurons, maintain 

potassium balance, regulate retinal water content, secrete growth factors, cytokines, and 

antioxidants and help to form the inner blood retinal barrier, ILM and ELM (Willbold et 

al, 1997; 1998; Sarthy and Ripps, 2001). Müller cells form junctions with rod and cone 

cells. Recent studies provide evidence for Müller cells as the optical fibers for retina, 

funneling light onto the rod and cone cells (Franze et al, 2007).  In some species such as 

zebrafish, Müller cells can also de-differentiate into retinal neurons (Reichenbach et al, 

2010). Under any stress, Müller cells become active with an initial protective process 

known as gliosis, however, this can progress to a detrimental phase under prolonged stress.  

During gliosis, Müller cells undergo hypertrophy, upregulate GFAP and secrete growth 

factors and antioxidants. In the detrimental stage of gliosis, Müller cells become stiffer  

 (upregulate vimentin), secrete inflammatory cytokines and have an impaired capacity to 

balance potassium ions. 
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This results in uncoupling of Müller cells from neurons, resulting ultimately in cell death. 

Müller cell dysfunction is associated with nearly every retinal pathological condition 

(Reichenbach et al, 2010). 

 

Retinal Imaging and Diagnostics 

Electroretinogram (ERG): The ERG is a measurement of electrical currents from retina 

in response to light. ERG is a non-invasive, in vivo retinal diagnostic test for assessing 

retinal function in humans and in laboratory animals. ERG is an excellent tool for 

diagnosing and understanding human retinal disorders. The ERG responses from retina are 

very complex and represent the summation of activities of different retinal cells. Numerous 

studies have been performed to dissect the contribution of specific types of retinal cells in 

the ERG response. Neuronal activity (depolarization or hyperpolarization and spiking) 

results in biochemical changes inside and outside the cell. This includes altered conduction 

or flow of K+, Na+, Cl-, Mg++ ions generating electrical current (inside to outside of cell 

and vice versa). The source and sink of the current can be in different regions of the retina 

leading to formation of dipole current. The sign (positive/negative) of this current varies 

with time (Peachey and Ball, 2003; Pinto et al, 2007). Basic components of a typical flash 

ERG include: the a-wave, b-wave and c wave. The a-wave, b-wave are shown in Fig.7.                                                                                                                            
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Figure 7 
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  The radially oriented RPE, PRC, Müller and bipolar cells are major contributors of ERG 

responses compared to non-radially oriental cells such as horizontal cells (Pinto et al, 

2007). ERG can be recorded under dark adapted /scotopic (rod cell driven) or light adapted 

or photopic (cone driven).  Several factors influence ERG recording outcomes such as 

background noise due to physical movements, placement of reference electrodes, 

wavelength and brightness of light. 

 

The a-wave:  The a-wave is an initial negative deflection in the ERG response.  In dark 

adapted (scotopic) conditions, the a-wave is derived from rod and cone cells and under 

bright background (photopic), it is derived from cone cells.  The PRC outer segment have 

cationic channels that are open in the dark, allowing generation of a current into the OS. 

This is accompanied by leaking of K+ from IS of PRC, resulting in formation of a dipole 

current. The dipole current generates a positive electrical potential in the cornea. Inhibition 

of this potential leads to generation of the negetive going a-wave (Peachey and Ball, 2003; 

Pinto et al, 2007). 

 

The b-wave:  The b- wave is a cornea-positive wave and is the largest component of the 

ERG response. Initial studies implicated Müller cells as the primary contributor to the b-

wave but recent studies provide strong evidence for bipolar cells as the primary contributor. 

Müller cells are involved only towards the end phase or the tail of the b-wave. The bipolar 

cells in mammals are classified into two categories, namely ON (depolarizing) and OFF 
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(hyperpolarizing) bipolar cells based on their response to the light stimuli. The scotopic b-

wave in mammals is due to activation of bipolar (ON) cells by removal of inhibition when 

PRC are hyperpolarized by the light stimuli (Fishman, 2001; Peachey and Ball, 2003; Pinto 

et al, 2007).This removal of the signal (hyperpolarization of PRCs to depolarization of 

bipolar cells) is achieved by specialized metabotropic  glutamate receptors, protons and 

TRP-1 channels. 

 

The c-wave: Following the b- wave of the ERG is the c-wave which represents the decrease 

in [K+] in the sub retinal space. The c-wave has two voltage components; the positive 

component by neural retina (Müller glial cells) and the negative phase generated by the 

RPE. If the neural retinal component is larger, the polarity will be negative.  If the RPE 

component is bigger, the polarity will be positive. In mammals, c-wave is usually positive 

(Brown, 1968; Peachey and Ball, 2003; Pinto et al, 2007). 

 

The positive and negative scotopic threshold responses (pSTRs and nSTRs): The 

pSTRS and nSTRs are the dominant form of ERGs in response to very weak light stimuli. 

The nSTRs are more sensitive than a-wave and b- waves. The pSTRs are more sensitive 

and of opposite in polarity to that of nSTRs. The STRs saturate at a lower light level and 

upon increasing intensity of light stimuli, STRs are occluded by the b-wave. STRs are 

biphasic with the initial faster phase with positive potential followed by a slower phase 

with negative potential. In general, the highest amplitude of STRs is approximately 3–4 % 

of that of the b-wave in the same ERG recording experiment. The origin of STRs varies 
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with species and there is discrepancy in the literature regarding exact origins of STRs. The 

nSTRs in humans and rodents are amacrine and ganglion cell based. The slower phase in 

nSTRs is associated with Müller cell response to [K+] released by retinal neurons.  In 

rodents, the pSTRs depends upon ganglion cells. Thus STRs are useful in assessing inner 

retinal function. (Saszik et al, 2002). 

 

Spectral Domain Optical Coherence Tomography (SD-OCT): SD-OCT is a revolutionary 

tool for in-vivo, non-invasive retinal imaging. The imaging principle of OCT is similar to 

that of ultrasound imaging (thicker tissues such as skin) while OCT is designed for imaging 

thinner and transparent tissues such as retina. In OCT, a low-coherence light beam is 

directed towards a particular spot on the target tissue. Based on the thickness and 

composition of the target tissue, it reflects or absorbs the light beam. Light returned from 

each unique spot on the target is an A-Scan (Garcia et al, 2013). A 2-dimensional image of 

A-scans is reconstructed based on the target’s backscatter intensity known as a B-scan (Fig. 

8).  SD-OCT is a faster and more efficient version of OCT as A-scans are constructed using 

powerful arrays of detectors rather than multiple mirrors used in earlier versions of the 

OCT machines. Volume intensity projections (VIP) (Fig. 8) are obtained by gathering 

raster arrays of B-scans. In addition, en face fundus image permits exact corelation between 

the selected retinal landmark and its B-Scan.  Another key feature of SD-OCT is post-

image/data analysis, which includes 3D reconstructions and Doppler (for blood flow) (Fig. 

8).  Several OCT systems are currently available (Garcia et al, 2013).  

 



26 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7 
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Figure 8 
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Our laboratory utilizes a Bioptigen Envisu Spectral Domain Ophthalmic Imaging System 

(SDOIS) with InVivoVue™ 2.4 Diver. This system gives a wide range of scanning options.  

An examiner can choose from very intensive and larger scans to screening oriented smaller 

scans (Fig. 9). Average thickness measurements (in µm) of all retinal layers can be obtained 

in the form of color coded heat maps and manual thickness reports. Some additional 

features of OCT include image quality enhancement, the image zoom- in zoom-out 

function, en face calipers and SNIT (superior, nasal, inferior and temporal retinal 

quadrants) selection. The reader is the system to read SD-OCT data. The porter is used to 

store SD-OCT data and functions as an external data storage device. The Diver is the 

software for post-data image analysis and gives results in the form of a heat map (Fig.9) 

and a segmentation report. Heat maps are color coded where darker colors represent thicker 

retinal layer and lighter colors represent thinner retinal layer. Manual segmentation allows 

the examiner to demarcate the retinal layers based on user discretion. An example is shown 

in figure 10. Depending upon the purpose of the experiments, an examiner can analyze data 

using several retinal templates. This allows validation of the automatic segmentation data. 
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                                                                                                                 Figure 9 
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Fundus imaging and fluorescein angiography: Fundus imaging is another invaluable tool 

for imaging the retina in vivo and under non–invasive conditions.  It is based on reflected 

light from the retina to obtain a 2D representation. Retinal abnormalities such as drusen, 

degeneration, disruption, hemorrhage or detachment can be visualized easily. It is very 

helpful in evaluation of drug treatments in rodent model of retinopathies. The fundus image 

displays the optic nerve, central and peripheral retina and major retinal blood vessels, 

however it lacks the capability of imaging the details of smaller retinal vessels. Fluorescein 

angiography (FA) overcomes this limitation and displays the retinal vessels clearly 

(Fig.11). The principle of FA is based on luminescence/fluorescence properties of sodium 

fluorescein, a crystalline hydrocarbon (Delori, et al, 1978). Fluorescence is defined as 

luminescence when excitation at a shorter wavelength is emitted immediately at a longer 

wavelength of light. When excited at 465-490 nm (blue) wavelengths, sodium fluorescein 

emits light at 520-530 nm (green-yellow). When injected in solution form, the unbound 

form of sodium fluorescein (most of sodium fluorescein becomes protein bound) can 

fluoresce. In FA, blue filters are placed inside the fundus camera and allow passage of only 

blue light. When excited, the unbound sodium fluorescein in the retinal blood vessels emits 

green-yellow, which is captured and processed by the fundus camera. The sodium 

fluorescein diffusion rate is very fast, hence images are acquired within 5 to 10 minutes 

post injection. The FA filling is divided into different phases. The initial phase of FA 

consists of choroidal vessel filling, followed by filling in the arteries and lastly in retinal 

veins (Hurley and Regillo, 2009). 
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Several vascular abnormalities such as hyper or hypo fluorescence, fluorescein leakage 

(due to leaky or non-intact blood vessels), microaneurysms, vascular tortuosity, occlusion 

can be visualized using FA.  The recent versions of Fundus/FA systems allows further in-

depth analysis of captured images (Johnson, et al, 2013). 

 

Homocysteine and Homocysteine metabolic pathways 

Homocysteine (2-amino-4-mercaptobutyric acid) was identified first by Vigneaud in 1932 

during studies of the presence of sulfur in insulin (Vigneaud et al, 1939).  Homocysteine 

(hcy) is a sulfur containing non-proteinogenic aminothiol, involved in methionine 

metabolism. Figure 12 illustrates the structure of hcy and its derivatives.  Hcy resides at 

the intersection of the remethylation and transsulfuration metabolic pathways (Fig. 13). 

When methionine levels are elevated, hcy is converted in the presence of cystathionine-β-

synthase (cbs) and pyridoxal phosphate (vitamin B6) as a co-factor to cystathionine, which 

is further converted in the presence of cystathionine γ-lyase to cysteine, taurine and 

hydrogen sulfide (H2S). Cysteine is necessary for synthesis of glutathione (GSH); hence 

the transsulfuration pathway is an important mechanism by which this critical antioxidant 

is generated (Selhub, 1999).  H2S mediates a wide range of physiological effects including 

neuromodulation, signaling and cytoprotection (Abe and Kimura, 1996). It has been shown 

to increase GSH levels and to play a role in scavenging molecules implicated in oxidative 

stress such as hydrogen peroxide and superoxide anions (Kimura et al, 2010).  
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 Taurine plays crucial roles in cellular development, calcium signaling and cytoprotection. 

Deficiency of taurine results in cardiovascular, renal, developmental and visual deficits 

(Ripps and Shen, 2012). Thus, the transsulfuration reaction is a source of beneficial 

downstream products. It is also irreversible (unidirectional) and is the only pathway to 

catabolize hcy (Perla-Kajan et al, 2007). 

When the diet is deficient in methionine, hcy is methylated back to methionine via 

the remethylation pathway requiring the enzyme methionine synthase (MS). The methyl 

donor for this reaction can be either 5-methyltetrahydrofolate (5-Mthf) or betaine. 5-Mthf 

is derived from the conversion of dietary folic acid to 5, 10-methyltetrahydrofolate. The 

latter is converted to 5-Mthfr by 5, 10-methyltetrahydrofolate reductase (MTHFR). The 

remethylation pathway requires folate and cobalamin (vitamin B12) as co-factors. Betaine 

is another methyl donor (expressed in liver tissue only) and does not requires vitamin B12 

as cofactor. Methionine is used further to S-adenosylmethionine (SAM) or Ado met. SAM 

is a crucial methyl donor for several methylation reactions in the body. S adenosylhcy 

(SAH), is a downstream metabolite of methylation reactions. SAH upon hydrolysis yields 

hcy, which is then available to enter a new methylation cycle. Hence, remethylation is a 

reversible reaction unlike the transsulfuration pathway (Perla-Kajan et al, 2007; Selhub, 

1991). The two pathways are regulated by SAM. SAM is an activator of Cbs and allosteric 

inhibitor of Mthfr.  Other factors such as genetic mutations in CBS, MS, MTHFR, aging, 

gender, hypothyroidism, menopause, dietary deficiencies of folic acid, vitamin B6, B12, 
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smoking, coffee intake, oxidative stress, certain medications or hepatic and renal 

dysfunction increase plasma hcy levels (Finkelstein, 1998). 

 

 Forms of hcy in the body 

Hcy exists in various forms (Figure 12) in the circulation.  80-90 % of the total hcy exists 

as the protein-bound form, particularly bound with albumin. The remaining 10-20 % exists 

as homocystine (a Hcy dimer), Hcy-cysteine mixed disulfide and as hcy thiolactone, a toxic 

derivative of hcy. The remaining ~1% of total hcy is present in the reduced form in the 

human body (Selhub, 1999). The normal plasma hcy levels ranges from 5-15 µmol/L. 

Intermediate (16-30 µmol/L) and moderate (31-100 µmol/L) levels of plasma hcy are 

clinically known as hyperhomocysteinemia (Hhcy) (Finkelstein, 1998).  Hhcy can be due 

to dietary deficiency of vitamin B12, vitamin B6 and folate, heterozygous mutations in 

Mthfr, MeSe and Cbs or factors described previously. Homocystinuria ensues when the 

plasma hcy level is greater than 100 µmol/L. Homocystinuria is reported in patients with 

homozygous deficiency of Cbs or Mthfr (Mudd et al, 1985; Chen et al, 2001).   

 

Hyperhomocysteinemia and Diseases 

The first link between Hhcy and desease was established by Dr. K.S McCully (McCully, 

1969). He described the clinical presentation of twin children with severe mental, skeletal 

and vascular abnormalities that ultimately resulted in death by seven years of age. The 

twins had homozygous Cbs mutation. This report was followed by similar observations in 

patients with homozygous deficiency of Mthfr (Födinger et al, 1999). Since then, several 
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studies implicate Hhcy in various cardiovascular and neurodenerative disorders. Hhcy is 

identified as an independent risk factor for stroke, congenital heart disease, thrombosis, 

atheroscerolosis, hypertension, myocardial infarction and coronary heart diseases. Studies 

implicate Hhcy in neurodegenerative diseases such as schizophrenia, Parkinson’s, 

Alzheimer’s disease, depression, migraine and dementia. Other conditions associated with 

Hhcy include pregnancy complications, neural tube defects, oral clefts, Down syndrome, 

autism, sickle cell anemia, osteoporosis, diabetes, psoriasis, hearing loss and certain 

cancers.  Homocystinuria is characterized by a severe phenotype, with cardiovascular, 

skeletal, mental abnormalities, lens dislocation and premature death (AxerSiegal et al, 

2004; Aydemir et al, 2008; Bleich et al, 2002; Brustolin et al, 2010; Jaksic et al, 2010; 

Lahey et al, 2003; Mattson and Shea, 2003; Semba, 2007; Vessani et al, 2003 and  Yang 

et al, 2003). The link between Hhcy and the broad spectrum of diseases raises an important 

question: whether Hhcy is pathogenic or merely a health risk factor in the body? Literature 

survey reveals no clear consensus for this. 

 

Cbs mutant mice 

Mouse models provide an invaluable systems to understand the pathophysiology of human 

diseases. Various murine models for Hhcy are available for understanding Hhcy 

pathophysiology in different organ systems.  Mutations in the CBS are a major contributing 

factor in the etiology of Hhcy, as transsulfuration is the only pathway for clearance of 

accumulated hcy in the plasma. Over 153 point mutations, insertions and deletions, have 

been identified in the human cbs gene (Moat et al, 2007). Homozygous mutations in the 
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cbs gene are observed in one in 300,000 newborns in the USA. Heterozygous mutation in 

the cbs gene is observed in 5% of general population. The two most common mutations 

include I278T and G307S (Moat et al, 2007).  

Cbs mutant mice were generated in Dr. N. Maeda’s laboratory in 1995 (Watanabe 

et al, 1995). The mouse has a deletion of the gene coding for Cbs.  The homozygous mice 

(Cbs-/-) have a 30-fold elevation in plasma hcy levels and survive only for 3-5 weeks 

(Watanabe et al, 1995). The homozygous mice are a model system to understand 

consequences of homocyteinuria in humans as these exhibit similar pathological features 

such as developmental, skeletal and vascular abnormalities. Hepatosteastosis, infertility, 

oxidative stress, reduction in antioxidants, impaired eNOS and cGMP signaling are 

reported in these mice. When backcrossed into BALB/c strain, homozygous mice have 

improved life span with absence of lipidosis and hepatic steatosis (Dayal and Lentz, 2008; 

Watanabe et al, 1995).  

 Mice heterozygous for Cbs mutations (Cbs+/-) have a 2-4 fold increase in plasma 

hcy with a normal life span of 20-24 months. The heterozygous mice are a model system 

to understand consequences of mild to moderate Hhcy in humans.  Dietary supplementation 

with 0.5% methionine in drinking water increases plasma hcy from 2-4 fold to 7 fold in 

heterozygous mice (Dayal et al, 2001).  Cerebral and aortic microvascular dysfunction, 

impaired eNOS, cGMP, glutathione peroxidase, increased superoxide and nitrite synthesis 

and impaired lipid metabolism have been reported in these mice. (Dayal and Lentz, 2008; 

Watanabe et al, 1995).  
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A transgenic mouse that harbors humanized I278T Cbs mutation have 60 fold 

higher plasma hcy (Zhang et al, 2009). Interestingly these mice have a better survival rate 

and moderate liver steatosis as compared with homozygous Cbs mice generated by 

Watanabe et al. Studies performed in these mice suggest additional function of CBS apart 

from its role in hcy metabolism (Zhang et al, 2009). 

 

Mthfr mutant mice 

A second genetic cause of Hhcy affects the gene coding for MTHFR. Mutations in the 

mthfr gene and are the most common genetic cause of Hhcy (Chen et al, 2001) and more 

prevalent in the general population than the cbs mutation. Over 70 point mutations, 

insertions and deletions have been identified in the human mthfr gene (Födinger et al, 

1991). Various polymorphisms have been identified and investigated. One of the most 

common single nucleotide polymorphisms (SNP) is 677C>T (Ueland et al, 2001; Leclere 

et al, 2005). The normal allele includes C (cytosine) at the 677 position leading to alanine 

at amino acid 222. This is substituted by T (thymine) leading to valine at amino acid 222 

yielding a thermolabile enzyme with reduced activity. 44% of Americans are heterozygous 

for this mutation and 12% are homozygous (Leclere et al, 2005). The 677C>T mutation is 

prevalent globally with a frequency of 24-40%, 26-37% and 11% in Europeans, Japanese, 

and African-American populations, respectively.  The 677C>T mutation predisposes an 

individual to mild or moderate Hhcy (Födinger et al, 1991).  

The Mthfr mutant mice were developed by Dr. R. Rozen, in 2001 (Chen et al, 2001). 

Depending upon whether the mice are heterozygous (Mthfr+/-) or homozygous (Mthfr-/-) for 
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the deletion, a mild-moderate to severe hyperhomocysteinemia is present. Different genetic 

backgrounds manifest different phenotypes. When the mice are bred on the Balb/c 

background, the homozygous mice have 10-fold increase in plasma hcy, very low survival 

rate (~20 % by 3 weeks), impaired reproductive potential, and disrupted SAH and SAM 

levels (Chen et al, 2001). Neurological abnormalities include reductions in the size of 

cerebellum, cerebral cortex, impaired cerebellar granule cell maturation, and 

disorganization of Purkinje cells due to a decrease in cellular proliferation and increase in 

apoptosis (Chen et al, 2001). Behavioral deficits include impairment in short- and long-

term memory and increased exploratory behavior with decreased anxiety (Levav- Rabkin 

et al, 2011). Aortic lipid deposits, endothelial dysfunction, reduced nitric oxide 

bioavailability, and increased oxidative excess have been also reported (Chen et al, 2001; 

Devlin et al, 2004). Betaine supplementation in the diet improves survival, reproductive 

performance and cerebellar abnormalities however this improvement is observed only at 

younger ages (Kelly et al, 2005). When bred on the C57BL/6 genetic background, there is 

marked improvement in survival, reproduction and neurological performance. The 

homozygous mice on the C57BL/6 genetic background have a similar 10-fold increase in 

plasma hcy and disrupted SAH and SAM levels (Lawrance et al, 2011).  

The heterozygous mice on both Balb/c and C57BL/6 backgrounds have 1.6 fold 

higher plasma hcy with 60%–70% of the activity of wild-type mice abnormalities (Chen et 

al, 2001; Lawrance et al, 2011). These mice are considered good models for investigating 

the highly prevalent 677C>T mutation in humans. The life span, reproduction and neuronal 

development is normal with no overt physical abnormalities (Chen et al, 2001; Lawrance 
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et al, 2011). On both backgrounds however, Mthfr heterozygous mice have disrupted 

SAM/SAH ratio, higher levels of triglycerides with lower ApoA-IV levels (protein that 

clears triglycerides) (Mikael et al, 2009). Vascular abnormalities include endothelial 

dysfunction particularly in cerebral microvessles with impaired eNOS signaling and 

oxidative stress (Qipshidze et al, 2011; Virdis et al, 2003).  

 

Methionine synthase (MS) mutant mice 

MS catalyzes the conversion of Hcy to methionine. The Mtr gene encodes for MS. 

A common polymorphism reported in humans is D919G 2756A→G (Linnebank et al, 

2004). MS mutant mice were developed by Dr. Brody’s laboratory in 2001 (Swanson, et 

al 2001). Unlike Cbs or Mthfr homozygous mice, the MS homozygous mice are 

embryonically lethal underscoring the importance of MS in mouse development. 

Supplementation with folic acid in pregnant mice was unable to rescue embryos (Swanson, 

et al 2001). The heterozygous mice have ~50% of MS activity of that of wild-type mice 

and 2 –fold elevation in hcy levels. The heterozygous females have higher hcy levels as 

compared to male mice. No gross abnormalities have been reported in the heterozygous 

mice (Swanson, et al 2001). 

 

Hhcy and Retina 

Hhcy is implicated in various ocular pathologies including diabetic retinopathy 

(Mattson and Shea, 2003; Aydemir et al, 2008), age-related macular degeneration (Yang 

et al 2002, Axer-Siegel et al 2004), glaucoma (primary and secondary open-angle 
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glaucoma, exfoliation glaucoma, pigmentary glaucoma) (Seddon et al 2006; Bleich et al 

2002; Vessani et al 2003), retinal degeneration (Jaksic et al 2010), branch retinal vein 

occlusion (BRVO) and central retinal vein and artery occlusion (CRVO) (Tsina et al 2005; 

Semba 2007; Lahey et al 2003). The clinical literature suggests the potential of excess hcy 

in inducing retinal damage. 

The initial link between excess hcy and potential retinal neuronal damage was 

established by Zhang et al (1992). They reported that the incubation of primary rat ganglion 

cells with homocysteic acid, a derivate of hcy resulted in the activation of NMDA receptor 

channel complex. The activation of NMDA receptor is implicated in neuronal death (Liu 

et al, 2007). Several subsequent studies have illustrated the potential of excess hcy to cause 

retinal damage in both in vitro and in vivo model systems. An intravitreal injection of 200 

µM hcy in C57BL/6 mice resulted in 23% decrease in the total number of cells in the 

ganglion cell layer within 3 days of injection. TUNEL assay revealed significant apoptotic 

death in the GCL (Moore et al, 2001). In RGC-5, a mouse photoreceptor cell line 

(Krishnamoorthy et al, 2013), treatedwith 1 mM hcy resulted in apoptotic cell death 

(Martin et al, 2004).  Incubation of primary mouse ganglion cells with 50 M D, L-hcy 

thiolactone (hcy-t), a derivative of hcy, resulted in ~ 50-60% cell death within 18 hours 

(Ganapathy et al, 2010). Chang and colleagues (2011) injected 200 μM hcy-t intravitreally 

in 60 week old female mice. Homocysteinylation was observed in the GCL and PRC retinal 

layers. Significant decreases in the thickness of the total retinal thcikness, the ONL, the OS 

and the IS were observed at day 90 post hcy-t injection. This was accompanied by a 

reduction in the number of photoreceptor, horizontal, and ganglion cells. The amacrine and 
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bipolar cells were displaced or misarranged although not reduced in number significantly. 

Activation of Müller cells was observed 15 days after injection although this was 

significant by 90 days (Chang et al, 2011). 

To understand the effects of endogenous elevation of hcy, our laboratory 

characterized the retinal phenotype in Cbs mutant mice. Homozygous mice (Cbs−/−) have 

a short life span (~ 3-5 weeks) with a ~ 30-fold elevation of plasma hcy levels (Watanabe 

et al, 1995). Homozygous mice demonstrated profound retinal abnormalities (Ganapathy 

et al, 2009a) at 3 weeks of age. There is seven-fold elevation in retinal hcy levels in Cbs−/− 

mice as determined by HPLC. There was a marked disruption in the ganglion, inner 

plexiform, inner nuclear, and epithelial cell layers. This is accompanied by significant loss 

of numbers of cells in the GCL (Ganapathy et al, 2009a). Comprehensive functional studies  

with dark and light adapted regular ERG,  direct current ERG (dc-ERG) for assessing RPE 

function and the visual evoked potential (VEPs) for assessing transmission to the visual 

cortex were performed (Yu et al, 2011). The ERG analysis revealed a severe declines in 

the amplitudes of the major ERG components and marked delay in the VEPs thereby 

supporting the evidence for morphological alterations (Yu et al, 2011). In addition to 

neuronal loss and functional deficits, severe vascular alterations are reported (Tawfik et al, 

2013). These alterations include: vascular leakage by FA; central retinal ischemia, 

abnormal neovascularization by immunohistochemical analysis; and a marked decrease in 

the expression of proteins important for maintaining blood–retinal barrier (ZO-1 and 

occludin). This was linked with significant increases in Vegf mRNA and protein expression 

and upregulation of GFAP (gliosis marker) in the Müller cells (Tawfik et al, 2013). Thus 
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marked morphological, functional, neuro-vascular and glial abnormalities are observed in 

the Cbs−/− mice. 

A milder retinal phenotype is observed in heterozygous Cbs (Cbs+/−) mice. These 

mice have a normal life span with a 2 to 4 fold increase in plasma hcy levels (Watanabe et 

al, 1995). The retinal hcy level is ~2 – fold elevated as compared with wildtype mice 

(Ganapathy et al, 2009a). The retinal morphology in the heterozygous mice is comparable 

to that of age-matched wildtype animals for many weeks. By one year, retinal 

morphological changes are observed including modest loss of cells in the ganglion cell 

layer and decreased thickness of inner plexiform and nuclear layers (Ganapathy et al, 

2009a). Functional studies however revealed an earlier decline in ERG a- wave and b-wave 

amplitudes and VEP implicit times by 15 wks of age. By 30 wks of age, light peak 

abnormalities suggesting RPE dysfunction are reported (Yu et al, 2011). The 2-4 fold 

elevation in the plasma hcy levels in the Cbs+/− mouse can be further elevated to ~7-fold 

by supplementation of drinking water with methionine (Dayal et al, 2001). Retinas of 

Cbs+/− mice supplemented with a high methionine (HM) diet demonstrated ~20% reduction 

in the number of cells in GCL 5-weeks after initiation of the HM diet. The ~20% decrease 

persisted until 15-30 weeks post HM diet (Ganapathy et al, 2009a). Microarray analyses 

were conducted using retinas from the wild-type and Cbs+/− mice fed on HM diet (5 weeks 

after onset of diet). The analysis revealed differential expression of ~1219 genes involved 

in the apoptotic pathway, cell cycle, antioxidant, calcium signaling and axonal 

growth/guidance (Ganapathy et al, 2009a). Hhcy is implicated in diabetic retinopathy 

(Aydemir et al, 2002; Yang et al 2008). Using the streptozotocin mouse model, our 
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laboratory investigated the additive effects of diabetes and Hhcy on retinal morphology in 

high methionine fed Cbs+/− mice. Induction of diabetes in the Cbs+/− mice accelerated the 

retinal ganglion cell death 15 wks post-onset of diabetes (Ganapathy et al, 2009b). 

Recently, our laboratory examined retinal vasculature in Cbs+/− mice (16-52 wks of age). 

The assessment demonstrated progressive retinal vasculopathy in these mice. FA revealed 

central retinal ischemia, mid-peripheral neovascularization and vascular leakage by 24 wks 

of age that worsened by one year (Tawfik et al, 2014). OCT demonstrated the presence of 

intravitreal blood vessels by one year. Increased levels of VEGF, CD105 and GFAP and 

decreased ZO-1/occludin expression was observed by immunofluorescence and 

immunoblotting (Tawfik et al, 2014).  Taken together, the retinal phenotype data from Cbs 

mutant mice indicate retinal neuronal, glial, vascular and functional alterations due to 

Hhcy. Notably, the possible contribution of retinal levels of potentially beneficial products 

(taurine, GSH and H2S) of the transsulfuration pathway cannot be ignored.  Currently 

limited information is available regarding taurine, GSH and H2S in the retinas of Cbs-/- and 

Cbs+/- mice. Thus, the data from Cbs-/- and Cbs+/- mice raise an important conundrum: is 

the retinal neurovasculopathy observed in absence/deficiency of Cbs due to elevated hcy 

levels or is it due to decreased levels of potentially beneficial products (taurine, GSH and 

H2S) of the transsulfuration pathway (Fig. 1). This can be addressed by studying the retinal 

phenotype in a genetic model of Hhcy with intact transsulfuration pathway such as mice 

with deficiency of Mthfr.  As mentioned earlier in the text, the mthfr mutation is the most 

common genetic cause of Hhcy, more prevalent in the general population than the Cbs 

mutation (Chen et al, 2001). The Mthfr mutant mouse provides a powerful model system 
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in which to study deficiency of mthfr. Depending upon whether the mice are heterozygous 

(Mthfr+/-) or homozygous (Mthfr-/-) for the deletion, a mild-moderate to severe Hhcy is 

present. The homozygous mice have a 10-fold increase in plasma hcy, while the 

heterozygous mice have 1.6-fold higher plasma hcy (Chen et al, 2001; Lawrance et al, 

2011). There have been no comprehensive studies of retinal function or structure of Mthfr-

deficient mice. There was a single report of ERG analysis of Mthfr -/- mice reporting that 

rod/cone-mediated a- and b- wave amplitudes were significantly decreased compared to 

Mthfr+/+ at 6 wks. Curiously, when older homozygous mice (13 wks) were evaluated, these 

amplitude differences were no longer detected (Lawrance et al, 2011).   Apart from these 

intriguing ERG data, no information is available regarding retinal phenotype in these mice 

and thus warrants further investigation. 

 In addition, no clear information is currently available regarding the presence of 

two key enzymes of hcy pathway, Mthfr and Cbs, in the mouse retina. While no 

information exists regarding the expression of the Mthfr gene and the protein it encodes in 

the mouse retina, there is discrepancy in the literature about CBS expression in the mouse 

retina. CBS is reported to be present in the anterior segment (cornea, conjunctiva and iris), 

lens, as well as retina and optic nerve in humans (Persa et al, 2006). Analysis of CBS in 

porcine eye showed similar distribution patterns (Persa et al, 2006). Interestingly a 

subsequent study utilizing salamander and mouse retinas reported robust activity of CBS 

and CSE in salamander retina, but not in mouse (Pong et al, 2007). The investigators 

speculated that the species differences observed between salamander and mouse were due 

to avascularity of the salamander retina versus the highly vascularized mouse retina.  They 
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theorized that the vascularized mouse retina ‘would not have a strong need for the 

antioxidant effects of CBS or CSE under normal conditions.’  It is noteworthy that the 

human retina is well-vascularized.  A second group investigated CBS and CSE using 

immunohistochemical methods in mouse retina and reported that these two enzymes were 

not present (Mikami et al, 2011). They hypothesized that two other enzymes, 3-

mercaptopyruvate sulfurtransferase (3MST) and cysteine aminotransferase (CAT) are the 

primary pathways present in mammalian retina for H2S synthesis. These reports presented 

a conundrum:  why would there be robust CBS activity in retinas of two mammalian 

species (human and porcine) and an amphibian model (salamander), but not mice?  

Considering the critical role of CBS, studies testing the presence of CBS in the mouse 

retina are crucial.  We propose that both Cbs and Mthfr are abundant in the mouse retina 

and Hhcy is the etiology in the retinal alterations observed in Cbs-/- and Cbs+/- mice and not 

the deficiency of beneficial products of transsulfuration pathway. 

 

Mechanism(s) of Hhcy pathogenicity 

A fundamental gap exists in precise understanding of Hhcy mechanisms of damage. 

Several possible mechanisms have been hypothesized and investigated in the past. These 

include ER stress (Perla-Kajan, 2007), DNA damage (Kruman et al, 2002), oxidative stress 

(Arudine et al, 2003; Gunasekar et al, 1995), reduced antioxidant synthesis (Thambyrajah, 

and Townend, 2000), elevated ROS generation (Durmaz et al, 2007), impaired eNOS and 

calcium signaling, (Szabo et al, 2007) and NMDA receptor stimulation (Paoletti and 
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Neyton, 2007). Although evidence exists for the above listed mechanisms, the exact 

pathogenesis of Hhcy is still poorly understood.  

 

Mitochondrial dysfunction as possible mechanism of Hhcy 

Mitochondria are considered the powerhouse of cells because they are critical as an energy 

source. Mitochondria perform many crucial cellular functions such as ATP synthesis (via 

oxidative phosphorylation), calcium signaling, ROS generation, antioxidant and 

excitotoxicity regulation and cell death regulation by apoptosis. Mitochondria are dynamic 

and have an ability to adjust their distribution via the fusion and fission properties. 

Maintenance of optimal mitochondrial function is achieved by the balance of fission and 

fusion. Mitofusin 1 (Mfn1) and Mitofusin 2 (Mfn2), are crucial for outer membrane fusion, 

and OPA1 for inner membrane fusion.  Mitochondria are unique as they have their own 

DNA (mt DNA) with 13 genes encoding members of the oxidative phosphorylation 

(OXPHOS) complexes. Unlike nuclear DNA, mitochondrial DNA is not protected by 

histones, rendering it susceptible to damage such as oxidative stress. The number and 

morphology of mitochondria varies in different tissues according to the energy requirement 

of the tissue. Highly metabolically active tissue such as retina, brain, liver, skeletal muscle 

and heart have numerous mitochondria (Chen and Chan, 2009, D. C Lin and Beal, 2006; 

Pieczenik and Neustadt, 2007). The mitochondria in the retina are particularly abundant in 

neurons (PRC and RGC) and in RPE cells. In RGCs, mitochondria are densely distributed 

in the unmyelinated region of the optic nerve head (ONH) (Osborne and Olmo-Aguado, 

2013; Tezel et al, 2006) (Fig.14). This may be necessary for proper visual impulse 
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transmission from the ONH to the rest of the brain. The regulation of mitochondrial density 

within the optic nerve is dependent on optimum mitochondrial fission and fusion processes. 

Due to the specific distribution of mitochondria, high energy demands coupled with limited 

glycolytic potential, RGCs are particularly prone to mitochondrial damage (Kong et al, 

2009). Mitochondrial damage/dysfunction ensues in several diseases including ocular 

neuropathies such as Leber's hereditary optic neuropathy (LHON), Leigh syndrome, 

autosomal dominant optic atrophy (DOA), AMD and glaucoma (Kong et al, 2009; Osborne 

and Olmo-Aguado, 2013; Tezel, 2009). Aging, oxidative stress, mutations in mt DNA and 

impaired fusion underlie the pathophysiology of these diseases (Qu et al, 2010). Aging 

results in impaired mitochondrial homeostasis contributed by an increase in ROS 

generation, oxidative stress, mtDNA damage and decreased ATP synthesis (Kong et al, 

2009; Qu et al, 2010). Mutations in OPA1 result in DOA characterized by RGC 

degeneration that leads to optic nerve atrophy (Olichon et al, 2006). RGC death in 

glaucoma is via the apoptotic pathway irrespective of the initial etiology (Osborne and 

Olmo-Aguado, 2013). Aging and IOP are risk factors for glaucoma (Tezel, 2009). As 

discussed earlier aging, ROS imbalance, oxidative stress, calcium signaling alterations and 

apoptosis (Arudine et al, 2003; Caudill et al, 2001; Gunasekar et al, 1995; Durmaz et al, 

2007; Szabo et al, 2007; Paoletti and Neyton, 2007; Perla-Kajan, 2007) are also associated 

with Hhcy thereby suggesting a link between mitochondrial dysfunction and Hhcy.  

Several studies investigated the link between mitochondrial dysfunction and Hhcy 

using in vitro model systems (Gomez et al, 2011; Kamat et al, 2015; Tyagi et al, 2006). 

However limited information is available regarding mitochondrial dysfunction and Hhcy 
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in in vivo models of Hhcy. The microarray analysis in retinas of Cbs+/- mice supplemented 

with high methionine in drinking water demonstrated an increase in the expression of two 

mitochondrial genes, Opa 1 and Fis1 compared with Cbs+/+ mice (Ganapathy et al, 2011). 

Opa1 is crucial for mitochondrial fusion, and Fis1 is imperative in mitochondrial fission 

(Leisa et al, 2009). As mentioned above, a balance between mitochondrial fusion and 

fission is essential for the maintenance of normal mitochondrial health. The gene 

expression was followed by analysis of these genes at the protein level. The 

immunoblotting data revealed ~200 % increase in protein expression of both Opa1 and 

Fis1 compared with the Cbs+/+ mice (Ganapathy et al, 2011). Exposure to 50 µM hcy in 

primary ganglion cells resulted in an increase in mitochondrial fission accompanied by 

increase in the apoptotic pathway. (Ganapathy et al, 2011).  These data suggest a link 

between hcy-induced acceleration of mitochondrial fission and subsequent ganglion cell 

death by apoptosis. Apart from these data, no information is available regarding the retinal 

mitochondrial function in Hhcy. Information regarding the mitochondrial function in mild 

Hhcy in vivo models such as Mthfr deficient mice can contribute substantially to our 

understanding of mechanism(s) of Hhcy pathophysiology. 
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Figure 14 
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Hypothesis  

   

CBS and MTHFR are key enzymes of homocysteine (hcy) metabolism.  CBS 

catalyzes the transsulfuration reaction yielding the byproducts taurine, GSH and H2S. 

MTHFR is involved in the remethylation step that converts hcy to methionine. Genetic 

mutations in cbs and mthfr result in elevated hcy levels, known as hyperhomocysteinemia 

(Hhcy) in humans. Hhcy is implicated in various retinal diseases such diabetic retinopathy, 

CRVO, AMD and glaucoma. There is discrepancy in the literature about CBS expression 

in the mouse retina while no information is currently available regarding the expression of 

MTHFR in the mouse retina. Our laboratory reported profound retinal neurovascular and 

functional deficits in Cbs-/- mice and a late onset and milder retinal phenotype in Cbs+/-. It 

is not clear whether the retinal abnormalities reported in Cbs mutant mice are due to Hhcy 

or attributed to the deficiency or absence of downstream products of transsulfuration 

pathway (taurine, GSH and H2S). This can be addressed by studying the retinal phenotype 

in another model of Hhcy with an intact transsulfuration pathway such as Mthfr mutant 

mice. There have been no comprehensive studies of retinal function or structure in Mthfr-

deficient mice. Moreover, Mthfr mutations are the most common cause of Hhcy.  Given 

the importance of Hhcy, coupled with the high prevalence of Mthfr mutations, the aims of 

this study were to investigate the expression of Cbs and Mthfr at the gene and protein level 

in the mouse retina and to characterize the retinal phenotype of mice deficient in Mthfr.  

We focused on the Mthfr+/- mice as the heterozygous mutations in mthfr gene are very 

common in the general population. To test our hypothesis, two specific aims were 
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proposed. Aim 1 was to test the hypothesis that mouse retina expresses Cbs and Mthfr, key 

enzymes of hcy metabolism. Aim 1A focused on CBS expression studies while aim 1B 

concentrated on MTHFR expression studies in the mouse retina. Aim 2 was to test the 

hypothesis that mild Hhcy leads to retinal neurovascular alterations in Mthfr deficient mice 

(Mthfr+/-). Aim 2A included retinal functional and morphological studies performed in 

living mice by ERG, SD-OCT, fundoscopy and FA. Aim 2B focused on examining retinal 

morphology, hcy levels and assessment of gliosis by morphometric analysis, HPLC and 

immunohistochemistry. To investigate a possible mechanism of Hhcy-mediated retinal 

damage, we analyzed alterations in retinal mitochondrial bilogy relates genes expression 

in the Mthfr+/- mice in aim 2C. 
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II. METHODS 

 

Aim1A. Detection of cystathionine-β-synthase (Cbs) gene and the protein it encodes in 

the C57BL/6 mouse retina 

 

Animals and primary cell culture 

 

C57BL/6 mice were purchased from Jackson Laboratories (Bar Harbor, ME).  Mice 

deficient in Cbs were generated by Watanabe et al (1995) and distributed through Jackson 

Laboratories.  Breeding pairs of Cbs+/− mice (B6.129P2-Cbstm1Unc/J) were used to generate 

Cbs-/-. Three retinal cell types were isolated from wildtype (C57BL/6) mice: ganglion cells 

were isolated from mice at 3-4 days (Ha et al, 2011); Müller glial cells at 5-7 days (Bozard 

et al, 2012); pigmented epithelial (RPE) cells at 3 weeks (Gnana-Prakasam et al, 2009). 

The purity of each of these primary cell types has been confirmed in previous studies.  Care 

and use of the mice adhered to institutional guidelines for the humane treatment of animals 

and to the ARVO statement for the Use of Animals in Ophthalmic and Vision Research. 

RT-PCR to detect Cbs gene in mouse retina: To determine whether or not Cbs was 

expressed in mouse retina, RNA was isolated from neural retinas pooled from 4 mice using 

TRIzol (Invitrogen, Carlsbad, CA).  RNA was isolated also from liver as a positive control 

(Matthews et al, 2007). RNA was converted to cDNA using SuperScript II Reverse 
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Transcriptase (Invitrogen, Carlsbad, CA). PCR was performed using three different primer 

pairs specific for mouse Cbs (Table I). PCR was performed at 35 cycles of 95˚C for 30 s, 

60˚C for 45 s, and 72˚C for 45 s. 18S (Quantum RNA TM) was used as internal control. 

PCR products were analyzed on a 2% agarose gel by electrophoresis. To determine the 

relative expression of Cbs in mouse retina compared to liver, quantitative RT-PCR (qRT-

PCR) was performed using Absolute QPCR SYBR Green Fluorescein Mix from ABgene 

(Thermo Scientific, Surrey, United Kingdom) and the BioRad iCycler (Hercules, CA).  The 

primers used to detect Cbs were the same as above.  PCR was performed for 40 cycles of 

95˚C for 30 s, 60˚C for 45 s, and 72˚C for 45 s; melt curve analysis confirmed the purity 

of the end products.  Resulting CQ values were normalized to 18s and analyzed using the 

comparative CQ method to obtain fold-changes in gene expression (Schmittgen et al, 2008). 

The analysis was performed in duplicate.  

Western blot analysis to detect CBS in mouse retina 

Liver, brain and neural retinal tissue isolated from C57BL/6 mice were used for 

immunoblotting analysis of the CBS protein (Mw ~ 63 kDa). Liver from homozygous 

knockout (Cbs-/-) mice served as a negative control.  20 µg of protein from liver, brain and 

60 µg of protein from retina were subjected to SDS PAGE at 90 volts for 90 minutes and 

transferred to nitrocellulose membranes at 200 mA for 1 h. Membranes were blocked in 

5% milk in TBST for 1 h at 25˚C (room temperature, RT) followed by incubation in CBS 

antibody (1:400) (Santa Cruz, Santa Cruz, CA) in 5 % milk in TBST buffer at 4°C 

overnight. Membranes were washed in TBST and incubated with HRP-conjugated rabbit 
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anti-goat IgG antibody (1:3000) for 2 h at RT. The ECL Western blot detection system 

(Thermo Scientific, Waltham, MA) was used to visualize the protein bands.  Membranes 

were stripped and reprobed with β-actin (Mw ~ 42 kDa), which served as the loading 

control. 

 

Immunodetection of CBS in intact retinal tissue and isolated retinal cells.  

 Eyes were removed from C57BL/6 and Cbs-/- mice, placed immediately in OCT 

embedding compound and flash frozen without fixation; 10 μm thick cryosections were 

prepared as described (Tawfik et al, 2013). Retinal cryosections were fixed in 4% 

paraformaldehyde in PBS, washed thrice with PBS Triton X-100 and blocked with 

PowerBlock (Biogenx, San Ramon, CA) for 1 h.  Sections were incubated overnight in a 

humidified chamber at 4˚C with a rabbit anti-mouse polyclonal antibody against CBS 

(1:250) (Aviva, SanDiego, CA) followed by PBS Triton X-100 washes. Alexa Fluor 555 

conjugated donkey anti-rabbit IgG (Invitrogen, Carlsbad, CA) (1:1000) was used as 

secondary antibody. Slides were again washed with PBS Triton X-100 and coverslipped 

with Flouroshield with DAPI (Sigma Chem. Co., St. Louis, MO) to stain nuclei. Sections 

were viewed by epifluorescence using a Zeiss Axioplan–2 microscope (Carl Zeiss, 

Göttingen, Germany), equipped with the Axiovision program (version 4.7), and an HRM 

camera.    
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Table 1. qRT PCR primers used for Cbs and Mthfr gene expression studies 
 

 

Gene          NCBI Accession Number       Primer Sequence                                           Predicted size (bp) 

 

Mouse Primers  

 

Cbs                              NM_144855                   FORWARD: 5’- AGG GCT ATC GCT GCA TTA TCG TGA-3’                  567 

 

                                                                                    REVERSE: 5’- AGC TTC CAC CACATA GCA GTC CTT -3’ 

 

 

Cbs                               NM_144855                   FORWARD: 5’- CCTATGAGGTGGAAGGGATT -3’                           246 

  

                                                                                    REVERSE: 5’- TGTAGTTCCGCACAGAGTCA -3’ 

 

 

Cbs                               NM_144855                   FORWARD: 5’- GTAGCTTACAGGGCCTTTCC -3’                                       186 

                                             

                                                                                     REVERSE: 5’- CTAACCAGGTCCCTGAGGAT -3’ 

 

 

Gapdh                        NM_008084.2                  FORWARD: 5’- CATGGCTCCAAGGAGTAAGA-                                        104 

                                                                                  

                                                                                      REVERSE: 5’- GAGGGAGATGCTCAGTGTTGG -3’ 

 

 

Mthfr 1 & 3             NM_01161798.1             FORWARD: 5’- CCCTCTATCCAGCAGAATTCCAGCCA -3                  101 

                                                                                

                                                                                     REVERSE: 5’- CCCTGCTGCCATCCGGTCAA -3’ 

 

 

Mthfr 2                        NM_010840.3               FORWARD: 5’-CGCCACCGATCTGACGCAA -3’                          111                              

                                                                                    

                                                                                     REVERSE: 5’- TCCGGTCAAACCTGGAGATGAG -3’                                                                       
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To detect CBS in retinal cells, immunocytochemical methods were used in primary 

ganglion, Müller and RPE cells isolated from C57BL/6 mice per our methods (Ha et al, 

2011; Bozard et al, 2012; Gnana-Prakasam et al, 2009). Cells were cultured on microscope 

coverslips, fixed in 4% paraformaldehyde for ~5 min, washed with PBS-Triton-X-100, 

incubated with primary antibodies specific for each cell type (Neu-N verifying neuronal 

origin of ganglion cells, vimentin verifying glial origin for Müller cells, anti-RPE65 

verifying RPE cells) in co-immunolocalization experiments with antibody against CBS.  

Following overnight incubation at 4˚C, cells were washed in PBS-Triton X-100 and 

incubated with the appropriate secondary antibody, washed again and counterstained with 

DAPI to visualize nuclei. Sections were examined by epifluorescence as described for 

retinal sections.  Table II provides a list of the primary and secondary antibodies used in 

these studies. 

 

 

Detection of CBS enzyme activity in primary Müller cells  

       To determine the CBS enzyme activity in mouse retina, an assay that is based 

on detection of H2S was used (Liu et al, 2012).  Primary Müller cells were isolated from 

C57BL/6 mice and cultured on glass chamber slides (ThermoScientific, Rockford, IL), in 

DMEM (Invitrogen, Carlsbad, CA)). On the day of the experiment, the regular media was 

removed and cells were cultured in DMEM (minus cysteine) (Invitrogen, Carlsbad, CA) 

for 6 h after which they were incubated with a green fluorescent probe to detect H2S (Liu 

et al, 2012) for 2 h. This was followed by four incubation conditions:  (1) control: media 

containing no cysteine; (2) Cys + Hcy: media containing L-cysteine (50 µM) + hcy (100 

µM); (3) Cys: media containing L-cysteine (50 µM); (4) Cys + Hcy + aminooxyacetic acid 
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(AOAA): media containing L-cysteine (50 µM) + hcy (100 µM) + AOAA (100 µM), 

(Sigma, St. Louis, MO) (Cells were pre-treated with AOAA 12 h prior to the experiment.)  

After 1 h, media were removed to halt the enzyme activity. The cells were gently washed 

with PBS and stained with DAPI. The fluorescence was detected using the Zeiss Axioplan–

2 microscope as described for immunocytochemistry. 

 

Aim1B. Detection of Methylene tetrahydrofolate reductase (Mthfr) gene and protein it 

encodes in the C57BL6J mouse retina 

 

Animals 

Breeding pairs of Mthfr+/- were shipped from the Rozen lab, (McGill University 

Montreal, Canada) to the animal facility of Georgia Regents University. Development of 

these mutant mice has been described (Chen et al, 2001). Genotyping and immunoblotting 

experiments were performed routinely to confirm the animal model. Maintenance and 

treatment of animals adhered to the institutional guidelines for the humane treatment of 

animals and to the ARVO statement for the Use of Animals in Ophthalmic and Vision 

Research.  
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Table II. Antibodies used for immunohistochemical and immunoblotting and analysis. 

 

 

  

Immunohistochemical Analysis 
 

Primary Antibody Dilution Suppliers 

Rabbit anti-CBS (1:250)  Aviva, SanDiego, CA 

Goat anti-Vimentin (1:250) Millipore, Temecula, CA 

Rabbit anti-Neu N (1:200) Millipore, Temecula, CA 

Rabbit RPE 65 (1:250) AbCam, Cambridge, MA 

Goat anti-MTHFR (1:500)  Sigma, St. Louis, MO 

Mouse anti-RPE (1:1000)  Abcam, Cambridge, MA 

Goat anti-Vimentin (1:250)  Millipore, Temecula, CA 

Rabbit anti-GFAP     (1:250)   Dako , Carpentaria, CA 

Rabbit anti-Hcy  (1:400)   Abcam, Cambridge, MA 

Griffonia simplicifolia isolectin B4 (7.5µl/ml) Vector Labs , Burlingame, CA  

 

 

Secondary Antibody Dilution Supplier 

Alexa Fluor 555 Donkey anti-rabbit IgG (1:1000) Invitrogen, Eugene, OR 

Alexa Fluor 488 Donkey anti-goat IgG (1:1000) Invitrogen, Eugene, OR 

Alexa Fluor 488 Donkey anti-mouse IgG (1:1000) Invitrogen, Eugene, OR 

Alexa Fluor 488 Donkey anti-rabbit IgG  (1:1000)  Invitrogen, Eugene, OR 

Alexa Fluor 555 Donkey anti-goat IgG (1:1000)  Invitrogen, Eugene, OR 

Alexa Fluor 555 Donkey anti-mouse IgG (1:1000)  Invitrogen, Eugene, OR  

Texas Red avidin (7.5µl/ml ) Vector Labs , Burlingame, CA 

 

                                                                   Immunoblotting Analysis 
 

Primary Antibody Dilution Supplier 

Goat anti-CBS (1:400) Santa Cruz Corp,  Santa Cruz , CA 

Goat anti-MTHFR (1:500) Abcam, Cambridge, MA 

Mouse anti-β-actin (1:3000) Sigma, St. Louis, MO 

 

Secondary Antibody Dilution Supplier 

HRP-conjugated rabbit anti-goat IgG (1:3000) Sigma, St. Louis, MO 

HRP-conjugated goat anti-mouse IgG (1:3000) Sigma, St. Louis, MO 
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Quantitative Reverse-Transcriptase Polymerase Chain Reaction to determine the Mthfr 

gene in the C57BL6J mouse retina 

To determine whether the Mthfr gene is expressed in mouse retina, RNA was 

isolated from neural retina using TRIzol (Invitrogen, Carlsbad, CA) and also from testes 

as a positive control. 2 g RNA was converted to cDNA using SuperScript II Reverse 

Transcriptase (Invitrogen, Carlsbad, CA). The primers used to detect Mthfr gene 

expression were obtained from Integrated DNA Technologies (CA, USA) (Table I). Two 

primers were used to identify the Mthfr variant expressed in mouse retina. GAPDH served 

as internal control. qRT-PCR was performed using Sso Advanced SYBR Green Supermix 

from Bio-Rad (Hercules, CA) and the Bio-Rad CFX96-Real Time System Thermal Cycler 

(Hercules, CA). PCR was performed at 95˚C for 30 s, 63˚C for 30 s, and 72˚C for 45 s; 

melt curve analysis confirmed the purity of the end products.  Resulting CQ values were 

normalized to GAPDH and analyzed using the comparative CQ method to obtain fold-

changes in gene expression (Schmittgen et al, 2008). The analysis was performed in 

triplicate.  

 

Fluorescent in situ hybridization (FISH) 

Preparation of riboprobes: To localize mRNA transcripts encoding Mthfr in mouse retina, 

fluorescent in-situ hybridization (FISH) analysis was performed according to our methods 

(Martin et al, 2009). Briefly, digoxigenin (DIG)-labeled riboprobes were generated using 

primers described for qPCR analysis. The T7 promoter (5′-TAA TAC GAC TCA CTA 

TAG GGA G-3′) was appended to the 5′ end of the antisense primer. 2 µg of cDNA was 
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prepared from mouse neural retina. Subsequent amplification by PCR yielded a product 

that contained the T7 promoter sequence upstream of the mouse Mthfr sequence. An 

additional primer set was designed as a control (sense) with the T7 promoter sequence 

appended to the sense-strand Mthfr primer. Digoxigenin was added to sense and antisense 

probes using the DIG RNA labeling kit (Roche, Mannheim, Germany) and permitted 

detection using anti- DIG antibodies.  

 

Fluorescent in situ hybridization in retinal cryosections 

  C57BL/6J (Wildtype) mice were euthanized by CO2 asphyxiation followed by 

cervical dislocation. Eyes were harvested and flash-frozen in Tissue-Tek OCT (Miles 

Laboratories, Elkhart, IN) by immersion in liquid nitrogen.  10 μm thick cryosections were 

fixed in 4% paraformaldehyde (30 min, room temperature), washed in ice-cold PBS and 

treated with 0.1% diethylpyrocarbonate prepared in PBS. Sections were permeabilized 

with 1 mg/ml proteinase K in PBS for 4 min. Slides were rinsed in 2 mg/ml glycine in PBS 

followed by prehybrization  in 5% saline-sodium citrate (SSC) buffer, for 2 h at 58°C in 

50% formamide, 5% SSC. Sections were hybridized with 1 µg/ml DIG-labeled antisense 

or sense probes and incubated overnight at 58°C. The following day, sections were washed 

with 2% SSC for 1 h at 65°C, then 0.1% SSC for 1 h at 65°C, and transferred to PBS. 

Immunologic detection of the probe was performed by blocking sections with PBS-BB 

(PBS + 1% BSA, 0.2% powdered skim milk, and 0.3% Triton X-100) (30 min, room 

temperature). DIG-labeled probes were detected by incubating the sections with 1:1000 

peroxidase-conjugated mouse monoclonal anti-digoxigenin antibodies (1h, room 

temperature). Sections were washed in PBS, incubated with 1:50 anti-digoxigenin-
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rhodamine Fab fragments (Roche, Mannheim, Germany) for 30 min at room temperature. 

The slides were again washed with PBS Triton X-100 and coverslipped with Flouroshield 

with DAPI (Sigma Chem. Co., St. Louis, MO) to stain nuclei. Sections were viewed by 

epifluorescence using a Zeiss Axioplan–2 microscope (Carl Zeiss, Göttingen, Germany), 

equipped with the Axiovision program (version 4.7), and an HRM camera.   

Western blot analysis to detect MTHFR protein in mouse retina 

To determine MTHFR protein expression in mouse retina, neural retinal tissue was 

isolated from C57BL/6 mice for immunoblotting analysis of the MTHFR protein (Mr ~ 75 

kDa). Mouse testes was used as a positive control (Chen et al, 2001). Retina from 

homozygous knockout (Mthfr-/-) mice served as a negative control.  50 µg of protein from 

testes and retina were subjected to SDS PAGE at 120 volts for 90 minutes and transferred 

to nitrocellulose membranes at 80 volts for 2 h. Membranes were blocked in 5% milk in 

TBST for 1 h at RT followed by incubation in MTHFR antibody (1:1000) (AbCam, 

Cambridge, MA) in 5% milk in TBST buffer at 4°C overnight. Membranes were washed 

three times 5 min each in TBST and incubated with HRP-conjugated rabbit anti-goat IgG 

antibody (1:3000) for 2 h at RT. The ECL Western blot detection system (Thermo 

Scientific, Waltham, MA) was used to visualize the protein bands.  Membranes were 

stripped and reprobed with GAPDH (Mr ~ 37 kDa) (Millipore, Temecula, CA), which 

served as the loading control. 
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Immunohistochemical studies 

To identify in which retinal cell layers MTHFR was present, 8 wk old C57BL/6 

(Mthfr+/+) and Mthfr-/-   mice retinal cryosections were prepared as described for FISH. 

Sections were fixed in 4% paraformaldehyde in PBS (0.01 M, pH 7.4, 10 min, room 

temperature)  washed three times with PBS-Triton-X, and blocked with PowerBlock 

(Biogenex, San Ramon, CA) (1 h, 37˚C) in a humidified chamber.  Sections were incubated 

overnight in a humidified chamber at 4˚C with a mouse anti-goat polyclonal antibody 

against MTHFR and with primary antibodies specific for several cell types (Neu-N for 

neurons, vimentin for Müller cells, glial fibrillary acidic protein (GFAP) for astrocytes and 

RPE65 for RPE cells). Following overnight incubation at 4˚C, slides were washed in PBS-

Triton X-100 and incubated with the appropriate secondary antibody; slides were again 

washed with PBS Triton X-100 and coverslipped with Flouroshield with DAPI (4',6-

diamidino-2-phenylindole) (Sigma Chem. Co., St. Louis, MO) to stain nuclei. Sections 

were viewed by epifluorescence using a Zeiss Axioplan–2 microscope (Carl Zeiss, 

Göttingen, Germany). All immunostaining experiments were repeated in triplicate. Table 

II provides a list of the primary and secondary antibodies used in these studies. MTHFR 

expression was examined in other ocular tissues such as cornea, lens, ciliary body and optic 

nerve. 
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Table III. Animals used for comprehensive characterization of the retinal phenotype 

in Mthfr+/- mice 

 
 

Mouse Genotype n Age (wks) 

   

qRt-PCR,FISH, Western Blot and IHC analysis to examine Mthfr gene/protein expression  in the 

mouse retina 

 

Mthfr+/+ (wild type) 16 8 

 

Mthfr+/− (heterozygous) 16 8 

 

 

Immunohistochemistry to examine Mthfr protein expression in cornea, lens and ciliary body 

Mthfr+/+ (wild type) 4 8 

Mthfr+/− (heterozygous) 4 8 

 

ERG analysis of retinal function 

Mthfr+/+ (wild type) 4 12 

Mthfr+/− (heterozygous) 4 12 

Mthfr+/+ (wild type) 3 24 

Mthfr+/− (heterozygous) 3 24 

 

Assessment of fundus, FA, OCT,IOP and HPLC 

Mthfr+/+ (wild type) 3 8 

Mthfr+/− (heterozygous) 3 8 

Mthfr+/+ (wild type) 3 12 

Mthfr+/− (heterozygous) 3 12 
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Mthfr+/+ (wild type) 3 16 

 

 

 

Mthfr+/− (heterozygous) 

3 16 

Mthfr+/+ (wild type) 3 24 

Mthfr+/− (heterozygous) 4 24 

   

Morphometric analysis 

 

Mthfr+/+ (wild type) 4 12 

Mthfr+/− (heterozygous) 4 12 

Mthfr+/+ (wild type) 2 16 

Mthfr+/− (heterozygous) 2 16 

Mthfr+/+ (wild type) 5 24 

Mthfr+/− (heterozygous) 5 24 

 

Immunohistochemistry to examine GFAP, Isolectin-b4  and hcy levels 

 

Mthfr+/+ (wild type) 4 24 

Mthfr+/− (heterozygous) 4 24 
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Electroretinogram (ERG)  

To assess visual function, Mthfr+/+ and Mthfr+/- mice (12 and 24 wk) were subjected 

to ERG analysis. Mice were dark-adapted overnight. Each mouse was tested on two 

separate days, once under isofluorane anesthesia 4% for induction and 1.5% for 

maintenance using relatively bright stimuli, and a week later under anesthesia (ketamine 

80 mg/kg, xylazine 16 mg/kg) using relatively dim stimuli. The bright stimuli were 

generated by a white LED, and the dim stimuli with a blue LED that was filtered and 

defocused. Light from the LED was presented to the eye by 1 mm diameter optic fibers 

that were placed just in front of the pupils. Signals were acquired by DTL fibers placed 

gently on the corneas, with a drop of hydrocellulose to keep eyes moist and enhance 

electrical contact. These signals were transferred to a Psylab amplifier, with a gain of 

10000, filtered between 0.3 and 400 Hz, with a notch filter at 60 Hz. The amplified signals 

were digitized by a National Instruments 6323 data acquisition module, and read into 

custom software written in Igor Pro. Stimulus intensity was calibrated in scotopic lumens 

for each of the LED setups. 

For the bright stimuli, a series of increasing intensities of 5 ms flashes were 

presented while dark adapted. Amplitude and timing were measured for a-, b-, and c-waves. 

Following light adaptation, a variety of stimuli were presented, including 8-s long 

presentations of pseudorandom luminance values. These stimuli were sampled at 512 Hz 

and had natural temporal statistics. Responses were analyzed by correlating them with the 

stimulus to obtain kernels describing the retinal transformation between stimulus and 
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response.  For the dim stimuli, an interleaved set of intensities just below and above 

threshold were presented. Averaged responses were analyzed to obtain positive and 

negative scotopic threshold responses (pSTRs and nSTRs). These are the amplitudes at 110 

ms and 200 ms following the flash, respectively (Saszik et al, 2002). 

 

Fundus and Fluorescein angiography  

To examine retinal structure and vasculature in Mthfr+/- mice in vivo, fundus 

imaging was performed using the Micron III camera (Phoenix Research Laboratories, Inc). 

Mice were anesthetized, pupils were dilated with 1% tropicamide (Bausch & Lomb, 

Tampa, FL) followed by application of GenTeal Lubricant Eye Gel, 10 g (Alcon, Ft. Worth, 

TX). Systane lubricant eye drops (Alcon) were applied to keep the cornea moist. Once the 

fundus examination was completed, 20 µl of 10% fluorescein lite (Apollo Ophthalmic, 

Newport Beach, CA) was injected intraperitoneally to visualize retinal vasculature. Due to 

the very fast diffusion rate of fluorescein dye, imaging was performed within 5 min post-

fluorescein injection.  

 

Spectral Domain Optical Coherence Tomography (SD-OCT) imaging 

To examine retinal morphology in vivo, SD-OCT imaging was performed. Mice 

were anesthetized as described for fundus and FA analysis. SD-OCT images were obtained 

in mice using the Bioptigen Spectral Domain Ophthalmic Imaging System (SDOIS; 

Bioptigen Envisu R2200, North Carolina). Imaging included averaged single B scan and 

volume intensity scans with images centered on the optic nerve head. Post-imaging analysis 

included auto segmentation report analysis and manual assessment of all retinal layers with 
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Diver 2.4 software (Bioptigen), which enables auto segmentation measurements of retinal 

images acquired using SD OCT. The auto segmentation feature gives an average thickness 

of retinal layers (calculated from 8 different measurements). The autosegmentation feature 

has been reported (Ferguson et al, 2013; Aziz et al, 2014; Tawfik et al, 2014). 

 

Measurement of intraocular pressure (IOP)   

IOP was measured in 24 wk old Mthfr+/+and Mthfr+/- mice, which were briefly 

anesthetized using inhaled isofluorane (Butler Animal Health Supply, Dublin, OH). IOP 

was measured using a handheld tonometer (Tonolab, Icare Laboratory; Finland Oy, Espoo, 

Finland) positioned at the center of the cornea. Measurements were repeated twice in each 

animal.  

 

Microscopic evaluation and measurement procedures 

To analyze retinal structure systematically, retinal cryosections were obtained from 

12 and 24 wk old Mthfr+/+, and Mthfr+/- mice and stained with hematoxylin and eosin.  All 

measurements were performed using a Zeiss Axioplan-2 microscope equipped with a 

MRC5 camera (Carl Zeiss, Inc., West Germany) and quantified using the Axiovision v. 

4.6.0.0 program following our published protocol (Ganapathy et al, 2009). Morphometric 

evaluation of retinas included scanning tissue sections for evidence of gross pathology 

followed by systematic morphometric analysis, which included measurements of cell 

height of the retinal pigment epithelium (RPE), the number of cell rows in the inner nuclear 

layer (INL) and outer nuclear layer (ONL), the thickness of these layers, the thickness of 

the inner and outer plexiform layers (IPL and OPL), and the thickness of the inner and 
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outer segments of photoreceptor cells (IS and OS).  The number of cells in the ganglion 

cell layer (GCL) was expressed as cell count per 100 µm length of retina.  Measurements 

were made in 3 adjacent fields (peripheral, mid-peripheral, central) on the nasal and 3 on 

the temporal side of the optic nerve for a total of 6 fields; the initial measurement was made 

approximately ~200 µm from the optic nerve.  Layer thicknesses were measured at a single 

point in each field.  The average of measurements for these six images in each eye was 

determined for each animal and an overall average was calculated for each parameter in 

each test group.  

 

Immunofluorescence of vascular and gliosis markers in retinal cryosections 

To test for evidence of gliosis (GFAP) and to analyze retinal vasculature (isolectin-

b4), immunostaining of retinal cryosections was performed in 24 wk old Mthfr+/- and age-

matched wildtype mice.  Retinal cryosections were fixed with 4% paraformaldehyde, 

washed with PBS-Triton X-100, incubated with Power Block for 1 h at 37˚C. Following 

blocking with Power Block, the sections were incubated with primary antibodies (GFAP 

and isolectin B-4) overnight at 4ºC. The sections were washed three times with PBS-triton 

X-100 followed by incubation with secondary antibody for 1 h at 37˚C. Sections were 

washed thrice with PBS-Triton-X and coverslipped with Fluoroshield with DAPI (Sigma 

Chemical Corp., St. Louis, MO) to stain nuclei. Sections were examined by epifluorescence 

as described above. The intensity of fluorescence was analyzed using Image J software 

provided by the National Institutes of Health. 
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High Performance Liquid Chromatography (HPLC) 

 HPLC analysis to measure retinal levels of hcy was performed on neural retina 

isolated from 24-week-old wildtype and Mthfr+/- using modified method of Sawula et al 

(2008). All chemicals used were purchased from Sigma Life Sciences (St. Louis, MO). 

Neural retinal tissue from each animal was homogenized in phosphate-buffered saline and 

sonicated for 30 s. Samples were then centrifuged for 5 min at 1500g at 4 ˚C. Supernatant 

(100 µl) was collected and subjected to HPLC analysis. Briefly, 10 µl 0.2 mM N acetyl 

cysteine (internal standard) was added to 90 µl of samples. To cleave S-S bridges, 10 µl of 

10 % TCEP solution was added and incubated for 30 min incubation at 4 ˚ C. This was 

followed by addition of cold 1mM EDTA with 100 µl of 10% TCA solution. The resultant 

solution was centrifuged at 21000 g for 5 min. Clear supernatant (100 μL) was collected 

and labeled with the fluorescent marker by addition of 20 μL of 1.55 M NaOH, 250 μL of 

0.125 M borate buffer (pH = 9.5) with 4 mM EDTA and 10μL of the fluorescent marker, 

SBD-F, (7-fluorobenzofurazan-4-sulfonic acid) 10 mg/mL solution in 0.125 M borate 

buffer, pH = 9.5. This solution was incubated at 60°C for 60 min and then cooled on ice. 

For HPLC analysis 20 μL of samples were used. The instrumentation included JASCO 

LCNet II controller; the JASCO MX-2080-31 solvent mixing module, the JASCO AS-

2055 autosampler, and the JASCO FP-1520 fluorescence detector (JASCO Inc., Easton, 

MD).  The column used for separation was the Supelco Ascentis C18 (25 cm x 4.6 mm) 

and connected to Supelguard Ascentis C18 guard column (20 mm x 4.6 mm) (Bellefonte, 
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PA). Hcy level values were normalized to protein content of the samples. Two individual 

samples were prepared for each test group and measurements were repeated in duplicate. 

 

Immunohistochemical studies  

Retinal sections from 24 wk old Mthfr+/+ and Mthfr+/- mice were subjected to 

immunohistochemical analysis with rabbit polyclonal antibody against hcy (1:400) 

(Abcam, Cambridge, MA)). Alexa Fluor 555 conjugated donkey anti-rabbit IgG 

(Invitrogen, Carlsbad, CA) was used as secondary antibody (1:1000), coverslipped and 

viewed by epifluorescence using a Zeiss Axioplan–2 microscope equipped with the 

Axiovision program, and an HRM camera. The intensity of fluorescence was analyzed 

using Image J software. 

 

Mitochondrial biology related genes PCR arrays 

For investigating mitochondrial dysfunction, RNA was isolated from neural retinas of 20 

wk old Mthfr+/+ and Mthfr+/- mice using a commercially available kit (PAMM-087Z, 

Qiagen, Valencia, CA). RNA was converted to cDNA (BIORAD, Hercules, CA) and 

subjected to mouse mitochondria RT² Profiler™ PCR array (Qiagen) targeting 84 genes 

involved in the diverse cellular functions of mitochondrial biology. A complete list of the 

84 genes is provided in Table 4. qRT-PCR was performed using Sso-Advanced SYBR 

Green Supermix from Bio-Rad (Hercules, CA) and the Bio-Rad CFX96-Real Time System 

Thermal Cycler (Hercules, CA). PCR was performed at 95˚C for 30 s, 55˚C for 30 s, and 

72˚C for 45 s; melt curve analysis confirmed the purity of the end products. Resulting CQ 
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values were analyzed using the comparative CQ method online software provided by the 

manufacturer to obtain fold-changes in gene expression.  

 

 

Statistical analysis 

For morphometric and OCT studies, two-way ANOVA was used to determine whether 

there were significant differences in morphological measurements between mouse groups. 

Bonferroni post-hoc test was used to compare means. For immunofluorescence, ERG, 

HPLC and PCR array analysis, t-test was used to determine whether there were significant 

differences between mouse groups. Data were analyzed using the GraphPad Prism software 

(version 6; GraphPad Software Inc., La Jolla, CA).  A p value < 0.05 was considered 

significant.
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Table IV.  List of mitochondrial biology related genes in targeted mitochondrial PCR 

array 
 

 

Position Unigene Refseq Symbol Description 

A01 Mm.286309 NM_178058 Aifm2 Apoptosis-inducing factor, mitochondrion-associated 2 

A02 Mm.10433 NM_016666 Aip Aryl-hydrocarbon receptor-interacting protein 

A03 Mm.2443 NM_007523 Bak1 BCL2-antagonist/killer 1 

A04 Mm.7660 NM_133234 Bbc3 BCL2 binding component 3 

A05 Mm.257460 NM_009741 Bcl2 B-cell leukemia/lymphoma 2 

A06 Mm.238213 NM_009743 Bcl2l1 Bcl2-like 1 

A07 Mm.235081 NM_007544 Bid BH3 interacting domain death agonist 

A08 Mm.378890 NM_009760 Bnip3 BCL2/adenovirus E1B interacting protein 3 

A09 Mm.4733 NM_009877 Cdkn2a Cyclin-dependent kinase inhibitor 2A 

A10 Mm.340211 NM_178379 Cox10 
COX10 homolog, cytochrome c oxidase assembly protein, heme A: 
farnesyltransferase (yeast) 

A11 Mm.319697 NM_001033310 Cox18 COX18 cytochrome c oxidase assembly homolog (S. cerevisiae) 

A12 Mm.227738 NM_009948 Cpt1b Carnitine palmitoyltransferase 1b, muscle 

B01 Mm.307620 NM_009949 Cpt2 Carnitine palmitoyltransferase 2 

B02 Mm.274266 NM_026332 Dnajc19 DnaJ (Hsp40) homolog, subfamily C, member 19 

B03 Mm.218820 NM_152816 Dnm1l Dynamin 1-like 

B04 Mm.25849 NM_025562 Fis1 Fission 1 (mitochondrial outer membrane) homolog (yeast) 

B05 Mm.220330 NM_019502 Timm10b Fractured callus expressed transcript 1 

B06 Mm.21535 NM_024478 Grpel1 GrpE-like 1, mitochondrial 

B07 Mm.315997 NM_010480 Hsp90aa1 Heat shock protein 90, alpha (cytosolic), class A member 1 

B08 Mm.1777 NM_010477 Hspd1 Heat shock protein 1 (chaperonin) 

B09 Mm.272253 NM_028260 Immp1l IMP1 inner mitochondrial membrane peptidase-like (S. cerevisiae) 

B10 Mm.363813 NM_053122 Immp2l IMP2 inner mitochondrial membrane peptidase-like (S. cerevisiae) 

B11 Mm.217027 NM_028233 Lrpprc Leucine-rich PPR-motif containing 

B12 Mm.290414 NM_024200 Mfn1 Mitofusin 1 

C01 Mm.437499 NM_133201 Mfn2 Mitofusin 2 

C02 Mm.486410 NM_027436 Mipep Mitochondrial intermediate peptidase 

C03 Mm.440405 NM_144898 Msto1 Misato homolog 1 (Drosophila) 

C04 Mm.478750 NM_016804 Mtx2 Metaxin 2 

C05 Mm.1956 NM_010910 Nefl Neurofilament, light polypeptide 

C06 Mm.274285 NM_133752 Opa1 Optic atrophy 1 homolog (human) 

C07 Mm.271878 NM_021451 Pmaip1 Phorbol-12-myristate-13-acetate-induced protein 1 

C08 Mm.489674 NM_021536 Rhot1 Ras homolog gene family, member T1 

C09 Mm.490420 NM_145999 Rhot2 Ras homolog gene family, member T2 

C10 Mm.44482 NM_018754 Sfn Stratifin 

C11 Mm.440295 NM_019464 Sh3glb1 SH3-domain GRB2-like B1 (endophilin) 

C12 Mm.229291 NM_153150 Slc25a1 

Solute carrier family 25 (mitochondrial carrier, citrate transporter), 

member 1 

D01 Mm.3991 NM_013770 Slc25a10 

Solute carrier family 25 (mitochondrial carrier, dicarboxylate transporter), 

member 10 

D02 Mm.146696 NM_172436 Slc25a12 Solute carrier family 25 (mitochondrial carrier, Aralar), member 12 

D03 Mm.24513 NM_015829 Slc25a13 

Solute carrier family 25 (mitochondrial carrier, adenine nucleotide 

translocator), member 13 

D04 Mm.34953 NM_011398 Slc25a14 Solute carrier family 25 (mitochondrial carrier, brain), member 14 

D05 Mm.200907 NM_181325 Slc25a15 
Solute carrier family 25 (mitochondrial carrier ornithine transporter), 
member 15 

D06 Mm.37457 NM_175194 Slc25a16 

Solute carrier family 25 (mitochondrial carrier, Graves disease 

autoantigen), member 16 

D07 Mm.222536 NM_011399 Slc25a17 

Solute carrier family 25 (mitochondrial carrier, peroxisomal membrane 

protein), member 17 

D08 Mm.489774 NM_026071 Slc25a19 
Solute carrier family 25 (mitochondrial thiamine pyrophosphate carrier), 
member 19 

D09 Mm.193029 NM_001159275 Slc25a2 

Solute carrier family 25 (mitochondrial carrier, ornithine transporter) 

member 2 
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D10 Mm.29666 NM_020520 Slc25a20 

Solute carrier family 25 (mitochondrial carnitine/acylcarnitine 

translocase), member 20 

D11 Mm.32835 NM_172577 Slc25a21 

Solute carrier family 25 (mitochondrial oxodicarboxylate carrier), member 

21 

D12 Mm.33729 NM_026646 Slc25a22 Solute carrier family 25 (mitochondrial carrier, glutamate), member 22 

E01 Mm.415988 NM_025877 Slc25a23 

Solute carrier family 25 (mitochondrial carrier; phosphate carrier), 

member 23 

E02 Mm.33574 NM_172685 Slc25a24 

Solute carrier family 25 (mitochondrial carrier, phosphate carrier), 

member 24 

E03 Mm.37395 NM_146118 Slc25a25 
Solute carrier family 25 (mitochondrial carrier, phosphate carrier), 
member 25 

E04 Mm.402902 NM_028711 Slc25a27 Solute carrier family 25, member 27 

E05 Mm.298 NM_133668 Slc25a3 

Solute carrier family 25 (mitochondrial carrier, phosphate carrier), 

member 3 

E06 Mm.46067 NM_026232 Slc25a30 Solute carrier family 25, member 30 

E07 Mm.78691 NM_178386 Slc25a31 
Solute carrier family 25 (mitochondrial carrier; adenine nucleotide 
translocator), member 31 

E08 Mm.293635 NM_026331 Slc25a37 Solute carrier family 25, member 37 

E09 Mm.16228 NM_007450 Slc25a4 

Solute carrier family 25 (mitochondrial carrier, adenine nucleotide 

translocator), member 4 

E10 Mm.371544 NM_007451 Slc25a5 
Solute carrier family 25 (mitochondrial carrier, adenine nucleotide 
translocator), member 5 

E11 Mm.466779 NM_011434 Sod1 Superoxide dismutase 1, soluble 

E12 Mm.290876 NM_013671 Sod2 Superoxide dismutase 2, mitochondrial 

F01 Mm.489827 NM_021547 Stard3 START domain containing 3 

F02 Mm.268483 NM_181516 Taz Tafazzin 

F03 Mm.21826 NM_013899 Timm10 Translocase of inner mitochondrial membrane 10 homolog (yeast) 

F04 Mm.2368 NM_011590 Timm17a Translocase of inner mitochondrial membrane 17a 

F05 Mm.27393 NM_011591 Timm17b Translocase of inner mitochondrial membrane 17b 

F06 Mm.18803 NM_019818 Timm22 Translocase of inner mitochondrial membrane 22 homolog (yeast) 

F07 Mm.379068 NM_016897 Timm23 Translocase of inner mitochondrial membrane 23 homolog (yeast) 

F08 Mm.195249 NM_011592 Timm44 Translocase of inner mitochondrial membrane 44 

F09 Mm.167913 NM_025616 Timm50 Translocase of inner mitochondrial membrane 50 homolog (yeast) 

F10 Mm.214504 NM_013898 Timm8a1 Translocase of inner mitochondrial membrane 8 homolog a1 (yeast) 

F11 Mm.335149 NM_013897 Timm8b Translocase of inner mitochondrial membrane 8 homolog b (yeast) 

F12 Mm.207767 NM_001024853 Timm9 Translocase of inner mitochondrial membrane 9 homolog (yeast) 

G01 Mm.372086 NM_024214 Tomm20 Translocase of outer mitochondrial membrane 20 homolog (yeast) 

G02 Mm.485795 NM_172609 Tomm22 Translocase of outer mitochondrial membrane 22 homolog (yeast) 

G03 Mm.23173 NM_025996 Tomm34 Translocase of outer mitochondrial membrane 34 

G04 Mm.440173 NM_016871 Tomm40 Translocase of outer mitochondrial membrane 40 homolog (yeast) 

G05 Mm.288374 NM_001037170 Tomm40l Translocase of outer mitochondrial membrane 40 homolog-like (yeast) 

G06 Mm.213292 NM_138599 Tomm70a Translocase of outer mitochondrial membrane 70 homolog A (yeast) 

G07 Mm.222 NM_011640 Trp53 Transformation related protein 53 

G08 Mm.1508 NM_009775 Tspo Translocator protein 

G09 Mm.4177 NM_009463 Ucp1 Uncoupling protein 1 (mitochondrial, proton carrier) 

G10 Mm.171378 NM_011671 Ucp2 Uncoupling protein 2 (mitochondrial, proton carrier) 

G11 Mm.6254 NM_009464 Ucp3 Uncoupling protein 3 (mitochondrial, proton carrier) 

G12 Mm.34779 NM_013840 Uxt Ubiquitously expressed transcript 

H01 Mm.391967 NM_007393 Actb Actin, beta 

H02 Mm.163 NM_009735 B2m Beta-2 microglobulin 

H03 Mm.304088 NM_008084 Gapdh Glyceraldehyde-3-phosphate dehydrogenase 

H04 Mm.3317 NM_010368 Gusb Glucuronidase, beta 

H05 Mm.2180 NM_008302 Hsp90ab1 Heat shock protein 90 alpha (cytosolic), class B member 1 

H06 N/A SA_00106 MGDC Mouse Genomic DNA Contamination 

H07 N/A SA_00104 RTC Reverse Transcription Control 

H08 N/A SA_00104 RTC Reverse Transcription Control 

H09 N/A SA_00104 RTC Reverse Transcription Control 

H10 N/A SA_00103 PPC Positive PCR Control 

H11 N/A SA_00103 PPC Positive PCR Control 

H12 N/A SA_00103 PPC Positive PCR Control 
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III. RESULTS 
 

Hhcy is implicated in various retinal diseases. CBS and MTHFR are key enzymes 

of hcy metabolism. There is discrepancy in current literature regarding the presence of CBS 

enzyme in the mouse retina while no information is currently available about MTHFR 

expression in the mouse retina. In addition, the etiology of retinal abnormalities reported 

in the Cbs mutant mice is not clear. It could be attributed to Hhcy or due to the 

deficiency/absence of downstream products of the CBS pathway. I hypothesized that CBS 

and MTHFR are expressed in the mouse retina. Additionally, I hypothesized that Hhcy will 

result in retinal neuronal, glial, vascular and functional abnormalities in Mthfr deficient 

mice. I hypothesized that Hhcy is etiology for the retinal abnormalities reported in the Cbs 

mutant mice and not deficiency of downstream products. To test these hypotheses, two 

specific aims were proposed. Aim 1 investigated the expression of CBS and MTHFR in 

the mouse retina. Aim 2 focused on analyzing the retinal phenotype in Mthfr deficient mice. 

 

Aim 1A. Expression of CBS in mouse retina  

There have been no reports published on the expression in mouse retina of the gene 

encoding CBS. To address this, primers specific for mouse Cbs were designed for RT-PCR, 

which was performed using RNA isolated from mouse neural retina and freshly isolated 
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retinal cells. RNA from liver, which has abundant expression of Cbs (Matthews et al, 

2007), was used as a positive control.  We first tested three primer pairs for Cbs using liver 

and retinal samples. As shown in Fig. 15A, bands of the expected size were detected 

regardless which primer set was used (567 bp, 246 bp, 186 bp (Table 1)).  These data 

provide strong evidence that Cbs is expressed in neural retina. Additionally, Cbs was 

expressed also in three primary retinal cell preparations (Fig. 15B). Ganglion cells were 

isolated from neonatal mice, Müller cells were harvested from 5-7 day old mouse pups and 

RPE cells were harvested from 3 week old mice. In adult retina, as well as the three retinal 

cell types, Cbs was expressed. The RT-PCR method provides information about the gene 

expression; it is not quantitative. To determine the relative expression, qRT-PCR was 

performed using neural retina, primary ganglion, Müller cells and liver; the expression of 

Cbs (normalize to 18S) in liver was ~250 fold greater than in retina, respectively (Fig. 

15C).  

The gene expression experiments were followed by western blot analysis using a 

commercially available antibody. There have been a number of reports of CBS expression 

in various tissues and the expected molecular size ranges from 63-72 kD (Regnier et al, 

2012). The predominant band in liver has a molecular weight of ~63 kD (Fig. 15D, lane 

1). To confirm the specificity of the antibody, we isolated protein from liver of Cbs-/- mice.   
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Figure 15 
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There was no band detected using our antibody, although the β-actin loading control 

provides clear evidence that an equivalent amount of protein was loaded onto the gel (Fig. 

15D, lane 2).  In WT mouse retina and brain (Fig. 15D, lanes 3 and 4); a strong band with 

a slightly higher molecular weight (~67 KD) was detected, which falls within the expected 

size range for CBS.  Taken collectively, the data from these experiments provide 

compelling evidence that the mRNA encoding CBS and the protein itself are present in 

mouse retina.  

 

Detection of CBS in intact mouse retina  

Given that CBS was detected at the mRNA and protein level in isolated retinal tissue, we 

next asked which retinal cell layers were positive for CBS.   Immunohistochemical studies 

were performed in intact mouse retinal cryosections obtained from 3 week old C57BL/6 

(WT) and Cbs-/- mice.  Sections stained with anti-CBS antibody (red fluorescence); nuclei 

were stained with DAPI. Evaluation of sections by immunofluorescence detected CBS in 

several retinal layers, with predominant expression observed in the ganglion cell layer  

(Fig. 16, A).  When retinal cryosections of Cbs-/- mice (subjected to immunodetection using 

anti-CBS) were examined, low or limited immunopositive staining was observed. These 

findings provide information about the specificity of the antibody in addition to providing 

information as to which cellular layers are positive for CBS (Fig 16B).  
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                                                                                                                             Figure 16  
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Detection of CBS in isolated retinal cells  

To confirm the immunofluorescent studies performed in retinal cryosections, we 

isolated three retinal cell types from mouse. Retinal ganglion cells were isolated from 

neonatal mice by immunopanning and subjected to immunocytochemistry. These cells are 

positive for Thy1.2, as shown in earlier studies (Ha et al, 2011) and for the neuronal marker 

Neu-N (Ha et al, 2011).  There is abundant expression of CBS in these isolated neurons 

(Fig. 17A).  In studies using slightly older mice, retinal Müller glial cells were harvested 

and subjected to immunocytochemistry. Vimentin was used to verify the glial origin of 

these cells. CBS was abundantly present in these cells (Fig. 17B).  RPE cells were harvested 

from mice at ~3 weeks of age; their origin was verified using anti-RPE65 antibody. CBS 

was present in these cells as well (Figure 17, red fluorescence). CBS is a nuclear and 

cytoplasmic protein (Kabil et al, 2006); interestingly CBS appeared to be localized 

primarily to the nucleus in ganglion cells, but was present in the cytoplasm and nucleus of 

Müller and RPE cells (Figure 17, panels B and C). 
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Detection of CBS enzyme activity in primary retinal Müller cells  

 

       After confirming CBS protein expression in mouse Müller cells, we used these cells 

to assay CBS enzyme activity based on H2S production. H2S is synthesized by three 

enzymes:  CBS, CSE and MST. Cysteine is used as a substrate by both CBS and CSE and 

is the precursor of H2S; hcy is a specific substrate for CBS. AOAA is a chemical inhibitor 

of the CBS enzyme.  By incubating cells in media devoid of cysteine, baseline production 

of H2S can be detected using a fluorescent probe (Liu et al, 2012). When cysteine and hcy 

are added to the incubation media, the amount of H2S produced can be detected and finally, 

by incubating cells with AOAA in the presence of cysteine + hcy the contribution of CBS 

to H2S production can be determined. As shown in Fig. 18, there was minimal detection of 

H2S in cells incubated in media containing no cysteine (baseline control). Cells treated with 

cysteine and hcy revealed robust H2S production as indicated by a  marked increase in 

green fluorescence (Fig. 18 Cys + Hcy), while cells treated only with cysteine showed a 

moderate increase in H2S compared with control (Fig. 18 Cys). Interestingly, in cells 

incubated with cysteine and hcy in the presence of the CBS inhibitor AOAA, the 

production of H2S was comparable to that of control cells.  These data provide strong 

evidence of CBS enzyme activity in retinal Müller cells.  
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Figure 18  
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Aim 1B. Analysis of Mthfr gene and protein in mouse retina 

No information is currently available regarding MTHFR expression in the mouse 

retina. Considering the importance of Hhcy in conjunction with high prevalence of Mthfr 

mutations, we investigated MTHFR expression in the mouse retina. We received breeding 

pairs of Mthfr+/- mice from Dr. R Rozen laboratory (Lawrance et al, 2011) and used the 

breeding pairs in generation of our colony of Mthfr+/- mice. Genotyping was routinely 

performed to confirm the genotype. Representative mouse genotyping data are shown in 

Fig. 19A.  To evaluate retinal Mthfr gene expression, neural retina and testis, which has 

very high MTHFR enzyme activity (Chen et al, 2001) were harvested and subjected to qRT 

PCR using mouse-specific Mthfr primers (Table 1) normalized to GAPDH. The analysis 

revealed Mthfr gene (variant 1 and 3) expression in mouse retina (Fig. 19B), which was ~ 

70% that of testis. Similar results were observed with Mthfr gene variant 2. To determine 

in which retinal types Mthfr gene is expressed, FISH was performed using an Mthfr-

specific anti-sense probe. In situ hybridization demonstrated robust positive staining in the 

GCL, INL, ONL and RPE layers (Fig. 19C). Limited fluorescence was observed in sections 

incubated with sense probe (Fig. 19C).  To determine whether MTHFR protein was present 

in retina, we isolated protein from neural retina (and testis, positive control) of Mthfr+/+ 

mice and performed immunoblotting using anti-MTHFR antibody.  We detected a band of 

the expected molecular size (~75 kD) in both tissues (Fig. 19D). To confirm the antibody 

specificity, western blotting was performed using protein isolated from retina of Mthfr+/+ 

and Mthfr-/-   mice (Fig. 19E). Immunohistochemistry with anti-MTHFR antibody detected 
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the MTHFR protein in several retinal layers of wildtype mouse (Fig.19F), while incubation 

of Mthfr-/- retina had minimal labeling. 

 

Analysis of MTHFR protein in mouse retina, cornea, lens, ciliary body and optic nerve  

To investigate which retinal cell types are positive for MTHFR, we performed dual 

immunolabeling experiments using the MTHFR antibody in conjunction with antibody 

markers for inner retinal neurons (Neu-N), astrocytes (GFAP), Müller cells (vimentin) and 

RPE cells (RPE65).  We observed MTHFR labeling of the GCL (comprised of ganglion 

and amacrine cells) and cells of the INL (Fig. 20A). We observed MTHFR labeling of 

astrocytes (Fig. 20B), Müller cells (Fig. 20C), and RPE cells (Fig. 20D). MTHFR is present 

in other ocular tissues, including the corneal epithelium though it is minimally expressed 

in corneal stroma (Fig. 21E, F). MTHFR was detected in the equatorial lens epithelial cells 

and in few lens fiber cells (Fig. 21G, H). It was detected in superficial and deep epithelial 

layers of ciliary body (Fig. 21I, J), and in the optic nerve head (Fig. 21K, L). The data 

indicate widespread expression of MTHFR in the eye. 

In summary results from aims 1A and 1B demonstrate robust expression of CBS 

and MTHFR at the gene and protein levels thereby supporting our hypothesis of 

widespread expression of these enzymes in the mouse retina. 

 

 



88 

 

 

Figure 19 
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Figure 20  
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Aim 2 .Characterization of the retinal phenotype in Mthfr deficiency 

 After demonstrating that CBS and MTHFR are abundantly expressed in the mouse 

retina, we proposed to investigate the retinal phenotype in Mthfr deficient mice and explore 

alteration in mitochondrial genes in the retina as a possible mechanism of Hhcy-mediated 

retinal damage. To test the retinal phenotype, aim 2A focused on examining the retina in 

living mouse by ERG, SD-OCT, fundus and FA and IOP measurement. This was followed 

by studies in aim 2B using post-mortem mice for HPLC, morphometric and 

immunofluorescent evaluation. In aim 2C, we investigated alteration in the retinal 

mitochondrial genes as a possible mechanism of Hhcy-mediated retinal damage by 

performing mitochondrial PCR array studies. 

 

Aim 2 A. Studies conducted in living mouse 

Electroretinogram (ERG)  

  To assess visual function in Mthfr+/- compared to Mthfr+/+ mice, 

electrophysiological studies were performed at 12 and 24 wks. Response to scotopic and 

photopic stimuli were obtained; there were no significant differences in a- or b- wave 

amplitudes between Mthfr+/- mice compared to Mthfr+/+ mice at either age examined. 
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Figure 22 
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Data are shown for the scotopic responses at 12 wks and 24 wks (Fig. 22A, B). Similar 

photopic flash responses were obtained. We measured kernels from pseudorandom 

luminance modulations using natural stimuli and detected stronger amplitudes in Mthfr+/+ 

mice compared to Mthfr+/- mice at 12 wks and 24 wks (Fig. 22C). This difference was 

significant at 12 weeks but not at 24 weeks. We evaluated scotopic threshold responses 

(STRs) and detected a slight, but significant, decrease in the positive STRs of Mthfr+/- mice 

at 12 wks, which was more pronounced at 24 wks (Fig. 22D). These data suggest a modest 

decrease in ganglion cell function in mild Hhcy mice due to deficiency of MTHFR.  

 

Fundoscopy and fluorescein angiography (FA) 

We examined Mthfr+/+ and Mthfr+/- mice by retinal fundoscopy and FA at ages 8-24 wks. 

The fundus was normal in appearance with no apparent disruption, abnormal spots, or 

evidence of debris in either mouse group (Fig. 23 A, C, E, G, I, K, M, O). To visualize 

retinal vessels, fluorescein dye was injected and images were acquired 30 sec post injection 

and every minute thereafter for 5 min. Images were arranged according to capture time and 

data were compared for Mthfr+/+ and Mthfr+/- mice at the same time interval.  FA performed 

in Mthfr+/+ (Fig. 23B) and Mthfr+/- (Fig. 23D) mice at 8 wks showed normal vessel filling, 

no leakage, and uniform capillary network around blood vessels. By 12 wks, there was 

evidence of vascular leakage (arrows Fig. 23H) and vascular tortouisty (Fig. 23H) in 

Mthfr+/- retinas, which was evident also at 16 wks in the mutant mice (Fig. 23L).   
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About 30% of mutant mice demonstrated these alterations through 16 wks. By 24 wks of 

age significantly more Mthfr+/- mice (~60%) showed areas of focal leakage and vascular 

tortouisty (Fig. 23P). Mthfr+/+ mice showed no evidence of leakage or vessel tortouisty 

throughout the 24 wk period. The data provide in vivo evidence of increased vascular 

permeability in mice with deficiency in Mthfr. 

 

Spectral Domain Optical Coherence Tomography (SD-OCT) imaging 

To obtain information about retinal structure in living animals, SD-OCT was 

performed. Mthfr+/+ and Mthfr+/- mice were evaluated at 12, 16 and 24 wks. Volume image 

projections were obtained; the B-scans of Mthfr+/+ mice showed normal retinal architecture 

and no evidence of disruption in any retinal layers (Fig.24 A, C, E). Similarly B-scans of 

Mthfr+/- showed no gross disruption through 24 wks (Fig.24 B, D, and F). Post-image 

analysis of retinal layers used InVivoVueTM 2.4 DIVER software. The report consists of a 

color-coded heat map, averaged heat map, VIP and a grid for eight (8) calculated 

thicknesses. A representative segmentation report of RNFL is provided in Fig.25 

representative of Mthfr+/+ (Fig. 25A) and Mthfr+/- (Fig. 25B). Parameters measured in the 

automated program include whole retinal thickness (RT), and thickness of NFL or GCL, 

IPL, INL, OPL, ONL+IS, OS, RPE. As shown in Fig. 26A, the RT was ~220 µM for both 

Mthfr+/+ and Mthfr+/- mice at 12, 16 and 24 wks. There was a significant difference between 

mouse groups at 24 wks for thickness of the NFL (Fig. 26B). The average thickness of the 

NFL for Mthfr+/+ was 14 ± 0.72 µM and was 10.11 ± 0.87 µM for Mthfr+/- mice.                                                                                                  
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Figure 24  
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Figure 26 
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All other measurements were similar at the three ages studied between Mthfr+/- and 

Mthfr+/+ mice (Fig. 27). To validate the automated segmentation analysis, we performed 

manual measurement of retinal layers using DIVER software employing the 5 by 5 grid 

retinal template. This analysis confirmed the statistically significant decrease in NFL for 

Mthfr+/- mice compared to wildtype (Fig. 26C). The other retinal measurements were 

similar at all ages studied. 

Measurement of intraocular pressure (IOP)   

Elevated IOP is a feature of some optic neuropathies including some types of 

glaucoma; Hhcy has been implicated also in some forms of glaucoma. To determine 

whether deficiency of Mthfr is associated with increased pressure, IOP was determined 

using a tonometer designed for use in rodent eyes. Mthfr+/+ and Mthfr+/- mice were 

evaluated at 24 wks, an age when there was decreased thickness of the NFL. The average 

IOP for Mthfr+/+ was 9.5±0.65 mm Hg and for Mthfr+/- mice was 9.6±0.24 mm Hg. These 

values were not different statistically. 

 

Aim 2 B. Studies conducted after euthanizing mice 

Morphologic evaluation of Mthfr+/- retinas 

Following retinal functional studies in Mthfr+/+ and Mthfr+/- mice, eyes were 

harvested and processed for light microscopic evaluation and retinal morphometric 

analysis at 12, 16 and 24 wks. The retinal architecture of Mthfr+/+ mice (Fig. 28A) was 

similar to age-matched Mthfr+/- mice (Fig. 28 B, C).  Overall the retinas of Mthfr+/-  mice 
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were well organized and were comprised of nuclear and plexiform layers similar to 

Mthfr+/+. There was no overt evidence of disruption (Fig. 8, C). In general the distribution 

of cells in the GCL was similar to that of wildtype mice (Fig. 28 A, B), although some 

Mthfr+/- mice displayed areas of cellular dropout in the GCL (Fig. 28 C). The retinas were 

subjected to systematic morphometric analysis analyzing the thickness of the plexiform 

and nuclear layers as well as the number of rows of cells in inner and outer nuclear layers. 

The measurement of these parameters did not differ between Mthfr+/+ and Mthfr+/-  mice 

over the ages studied (12-24 wks). However when the number of ganglion cells were as 

determined per 100µm retinal length; there were significantly fewer cells in the 24 wk 

Mthfr+/- retinas (10.33±0.50) versus Mthfr+/+ retinas (12.04±0.45) (Fig. 28 D). Thus, not 

only was the NFL thickness decreased by 24 wks determined by OCT in the Mthfr+/- mice, 

so also was the number of cells in the GCL. The number of cell rows in INL and ONL were 

similar in both groups of mice at ages studied (Fig. 28 E-F). 

 We also evaluated the microscopic appearance of non-retinal ocular tissues 

(cornea, lens, ciliary body, optic nerve) in the Mthfr+/- mice compared to wildtype. 

Interestingly, in two of five Mthfr+/- mice, corneal disruption was observed by 24 wks. In 

one case, the basal epithelial cells were greatly enlarged (Fig. 29B) and in another there 

was evidence of vascularization of the cornea (Fig. 29C).There were no notable differences 

in appearances of lens, ciliary body or optic nerve (Fig 30).  
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                                                 Figure 28 
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Figure 29 
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Figure 30 
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Assessment of gliosis and retinal vasculature 

GFAP is an intermediate filament protein that is expressed in retinal astrocytes 

under normal conditions. Under stress conditions such as retinal degeneration, retinal 

detachment and ischemia, Müller glial cells upregulate GFAP levels (Sarthy et al, 2001). 

To investigate GFAP levels in Mthfr+/- mice, retinal cryosections from Mthfr+/+ and 

Mthfr+/- mice were subjected to immunofluorescence analysis using anti-GFAP antibody. 

In Mthfr+/+ retinas, GFAP staining was positive in astrocytes only (Fig. 31A, left panel). 

In contrast, in the Mthfr+/- retinas, there was marked increase in GFAP expression in the 

Müller cells (Fig.31A, right panel). The quantification of fluorescence intensity revealed 

significant increase in GFAP levels in the retinas from Mthfr+/- mice at 24 wks of age 

(Fig.31B). This is consistent with activation of Müller cells as an indicator of retinal stress.  

The detection of focal areas of leakage in 24 wks Mthfr+/- retinas by FA (Fig. 23P) 

prompted us to examine retinal vasculature using isolectin–B4 staining in retinal 

cryosections from Mthfr+/+ and Mthfr+/- mice at 24 wks. Normal appearing vasculature was 

observed in retinas from both Mthfr+/+ and Mthfr+/- mice (Fig. 31C). The quantification of 

color intensities did not reveal any differences in isolectin-B4 levels between groups (Fig. 

31D). 
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Figure 31 
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Levels of hcy in retinas of Mthfr+/- mice 

  Mthfr+/- mice have ~1.6-fold higher plasma hcy levels than Mthfr+/+ mice (Chen 

et al, 2001). We measured retinal hcy levels in 24-wk Mthfr+/+ and Mthfr+/- mice by HPLC. 

Figure 32A depicts the standard curve used to derive the hcy levels in retinas. Retinas of 

Mthfr+/+ mice had low levels of hcy (0.2 ± 0.004 pmol/μg protein); retinas of Mthfr+/- mice 

had a ~2 fold increase in retinal hcy (0.4 ± 0.073 pmol/ μg protein), which was statistically 

significant (p<0.01) (Fig. 34B). We performed immunohistochemistry in retinal 

cryosections and detected increased hcy in Mthfr+/- retinas (Fig. 32D) compared to Mthfr+/+ 

(Fig 32C). Quantification of immunofluorescence levels revealed ~2-fold increase in 

retinal hcy in Mthfr+/- compared to Mthfr+/+ mice (Fig. 32E). 

 

Aim 2 C. Mitochondrial PCR array analysis   

Microarray analysis of high methionine fed Cbs+/- mice identified increased 

expression of two key mitochondrial genes; Opa1 and Fis1 (Ganapathy et al, 2009). Opa1 

and Fis1 are crucial for mitochondrial fusion and fission respectively (Leisa et al, 2009). 

Further studies confirmed increased expression of these genes at the protein level 

(Ganapathy et al, 2011).  
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Figure 32 
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In order to test whether this was also true for retinas of Mthfr deficient mice, we used a 

mitochondrial PCR array to screen for 84 different genes related with mitochondrial 

biology. To investigate mitochondrial dysfunction, RNA was isolated from neural retinas 

of 20 wks old Mthfr+/+ (n=5) and Mthfr+ /- (n=5) using a commercially available kit. Data 

analysis revealed significant upregulation of 16 genes realted to mitochondrial biology and 

significant decrease in 4 genes (Table 5) in retinas from Mthfr+ /-. Interestingly, there was 

no significant change in the expression of Opa1 and Fs1. Functionally the altered  genes 

can be categorized into apoptotic genes (Cdkn2a, ~7 fold increase); mitochondrial small 

molecule transport (Slc25a31, ~4 fold increase; Slc25a4, ~5 fold increase); mitochondrial 

fusion (Mf11, ~0.2 fold decrease); mitochondrial localization (Lrpp1, ~0.2 fold decrease); 

inner mitochondrial membrane translocation (Taz, ~0.3 fold decrease) and outer 

mitochondrial membrane translocation (Tomm40, ~0.3 fold decrease).. 

 

Cdkn2a: Cyclin-dependent kinase inhibitor 2A is a crucial cell cycle regulator and encodes 

p53 and RB1 proteins. Cdkn2a expression was elevated by ~7 fold in retinas from Mthfr+/- 

mice as compared with Mthfr+/+ mice. Mutations in Cdkn2a are implicated in various forms 

of cancer including retinoma and retinoblastoma (Butler et al, 2007; Foulkes et al, 1997). 

Upregulation of Cdkn2a is also reported with aging and impaired leucocyte function (Baker 

et al, 2008; Zhao et al, 2013). A recent clinical study reported increase Cdkn2a expression 

associated with retinal arteriolar narrowing with aging suggesting increased Cdkn2a 
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expression as an ocular senescence biomarker (Pathai et al, 2013). Mutations in Cdkn2a 

are also implicated in glaucoma (Burdon et al, 2011). 

 

Slc25a4 and Slc2531: are solute carrier proteins for mitochondrial adenine nucleotide 

transport. Slc25a4 encodes the ADP/ATP carrier specific for heart and muscle.  

Homozygous mutations in Slc25a4 result in exercise intolerance, lactic acidosis, 

hypertrophic cardiomyopathy and mt DNA mutations (Philips et al, 2010). Cataract is often 

observed in patients with Slc25a4 deficiency (Mayr et al, 2012). The ~4-5 fold upregulation 

of Slc25a4 in retinas from Mthfr+/- mice may reflect a compensatory metabolic effect for 

adenine transport. Another family member of solute carrier proteins for mitochondrial 

calcium transport, Slc25a5 was 2.5-fold elevated in the retinas of Cbs+/- mice supplemented 

with methionine in drinking water (Ganapathy et al, 2009). 

 

Mf11: Mitofusin 1 (Mfn1), is important for mitochondrial membrane fusion (Leisa et al, 

2009). Significant decrease (0.2-fold) in Mfn1 expression in retinas from Mthfr+/- mice 

suggests mitochondrial functional deficit. Mfn1 expression was unaltered in the retinas of 

Cbs+/- mice supplemented with methionine in drinking water (Ganapathy et al, 2011). 

Dysregulation of Mfn1 is associated with various neurodegenerative diseases (Frank et al, 

2006).  
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Table V. Expression changes of mitochondrial genes in retinas of Mthfr+/- mice 

 

 

 
Symbol Fold 

Change 

(increase or 

decrese) 

95% CI of fold 

change value 

Description 

Bbc3 2.3031 ( 0.00001, 5.94 ) BCL2 binding component 3 

Bid 2.5199 ( 1.08, 3.96 ) BH3 interacting domain death agonist 

Cdkn2a 7.1888 ( 0.22, 14.16 ) Cyclin-dependent kinase inhibitor 2A 

Cpt1b 3.2306 ( 0.49, 5.97 ) Carnitine palmitoyltransferase 1b 

Lrpprc 0.2163 ( 0.00001, 0.82 ) Leucine-rich PPR-motif containing 

Mfn1 0.2986 ( 0.00001, 1.11 ) Mitofusin 1 

Pmaip1 2.3746 ( 0.35, 4.40 ) Phorbol-12-myristate-13-acetate-induced protein 1 

Sfn 3.2558 ( 0.51, 6.00 ) Stratifin 

Slc25a13 3.1443 ( 1.27, 5.02 ) Solute carrier family 25 (mitochondrial carrier, adenine 

nucleotide translocator), member 13 

Slc25a2 3.1675 ( 0.76, 5.58 ) Solute carrier family 25 (mitochondrial carrier, ornithine 

transporter) member 2 

Slc25a21 2.0851 ( 0.90, 3.27 ) Solute carrier family 25 (mitochondrial oxodicarboxylate 

carrier), member 21 

Slc25a24 2.5166 ( 0.92, 4.11 ) Solute carrier family 25 (mitochondrial carrier, phosphate 

carrier), member 24 

Slc25a30 2.8011 ( 0.00001, 6.07 ) Solute carrier family 25, member 30 

Slc25a31 4.1596 ( 0.00001, 9.58 ) Solute carrier family 25 (mitochondrial carrier; adenine 

nucleotide translocator), member 31 

Slc25a37 2.3499 ( 0.83, 3.87 ) Solute carrier family 25, member 37 

Slc25a4 5.7226 ( 0.00001, 26.98 ) Solute carrier family 25 (mitochondrial carrier, adenine 

nucleotide translocator), member 4 

Taz 0.3827 ( 0.00001, 1.37 )  

Tomm40 0.4367 ( 0.00001, 1.56 ) Translocase of outer mitochondrial membrane 40 homolog 

(yeast) 
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Lrpprc: Leucine-rich PPR-motif containing mitochondrial cassette is important for 

mitochondrial localization. The expression level was decreased (0.2-fold) in retinas from 

Mthfr+/- mice. Lrppc regulates posttranscriptional gene expression in mitochondria 

(Sasarman et al 2010). Deficiency of Lrpprc in humans is associated with Leigh syndrome. 

Ocular abnormalities with Leigh syndrome include ophthalmoparesis (weakness of extra 

ocular muscles), nystagmus and optic atrophy (Debray et al, 2011).   

 

Taz: Tafazzin, an inner mitochondrial membrane translocator expression was decreased by 

0.3 fold in retinas from Mthfr+/- mice. Taz mutations in humans results in Barth syndrome 

and are characterized by cardiomyopathy, exercise intolerance, chronic fatigue, delayed 

growth, and neutropenia (Claypool et al, 2008). Cardiac tissue-specific knockout mice 

exhibit pathological changes in mitochondria in skeletal and cardiac muscles (Acehan et 

al, 2009). Taz expression is upregulated in conjunctival epithelial cells (Tan et al, 2011). 

 

Tomm40: Translocase of outer mitochondrial membrane 40 homolog (yeast) is crucial for 

outer mitochondrial membrane translocation. Like other transport molecules, its expression 

was decreased in retinas from Mthfr+/- mice. Genetic mutations in Tomm40 are identified 

as risk factors for AMD, cardiovascular problems and Alzheimer’s disease (Roses et al, 

2010; Yates, 2015). 
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The mitochondrial array data indicate impairment in various crucial mitochondrial 

functions (regulation of apoptosis, mitochondrial fusion, mitochondrial transport and 

localization) in retinas of Mthfr+/- mice. The changes observed in these genes could be 

relevant to the mechanisms underlying subtle retinal changes in Mthfr+/- mice.  

In summary, retinal phenotype characterization studies conducted in aim 2 

demonstrated reduced ganglion cell function, thinner NFL, mild vasculopathy, gliosis,  

~20 % decrease in number of cells in the GCL 5 and a 2-fold increase in retinal hcy level 

in retinas of Mthfr+/- mice by 24 wks. The retinal phenotype is similar to that of Cbs+/- 

reported earlier (Ganapathy et al 2009; Tawfik et al 2014; Yu et al, 2011).  The data support 

the hypothesis that Hhcy may be a causative factor in the retinal neurovasculopathy 

reported in Cbs+/- mice. 
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IV. DISCUSSION 
 

CBS and MTHFR are key enzymes of hcy metabolism. CBS catalyzes the transsulfuration 

pathway yielding downstream products taurine, glutathione (GSH) and hydrogen sulfide 

(H2S). MTHFR is important for the remethylation reaction involving conversion of hcy to 

methionine. Genetic mutations in these enzymes result in elevated hcy levels, known as 

hyperhomocysteinemia (Hhcy). Hhcy is identified as a risk factor for cardiovascular 

disorders (Selhub, 1999) and has been implicated in various retinal diseases such as 

diabetic retinopathy (Yang, et al 2002), glaucoma (Bleich, et al 2002), CRVO (Lahey, et 

al 2003) and AMD (Seddon, et al 2006). Our laboratory investigated the consequences of 

endogenous elevation of hcy on the retina using Cbs-/- and Cbs+/- mice.  Depending upon 

the loss of one or two alleles, mild to marked retinal neuronal, glial, vascular and functional 

alterations are reported (Ganapathy et al, 2009; Yu et al, 2011; Tawfik et al, 2013 and 

2014). The etiology for retinal alterations reported in Cbs mutant mice could be either Hhcy 

or the deficiency of downstream products (taurine, GSH and H2S). This can be addressed 

by studying the retinal phenotype in other murine model of Hhcy with an intact CBS 

pathway. Mutations in MTHFR are the most common genetic cause for Hhcy (Födinger et 

al, 1991). Mthfr mutant mice are valuable tools to understand consequences of Hhcy (Chen 

et al, 2001). There have been no comprehensive studies of retinal function or structure of 

Mthfr-deficient mice.   
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In addition, there is discrepancy in the literature regarding expression of CBS enzyme in 

the mouse retina. No information is currently available regarding MTHFR expression in 

the mouse retina. Given the importance of Hhcy, coupled with high prevalence of Mthfr 

mutations, the aims of this study were to investigate the expression of Cbs and Mthfr at the 

gene and protein levels in the mouse retina and to characterize the retinal phenotype of 

mice deficient in Mthfr.  I hypothesized that both CBS and MTHFR will be robustly 

expressed in the mouse retina.  I also hypothesized that endogenous elevation of plasma 

hcy would result in retinal neurovascular and functional abnormalities in Mthfr mutant 

mice. Our first aim investigated the expression of Cbs and Mthfr genes and proteins in the 

mouse retina. The second aim tested the hypothesis that the mild Hhcy leads to retinal 

neurovascular alterations in Mthfr deficient mice (Mthfr+/-).  

Aim 1 represents the first study of CBS and MTHFR detection in the mouse retina. 

CBS is a key enzyme in the transsulfuration pathway. CBS deficiency is implicated in 

various ocular diseases, e.g. diabetic retinopathy, glaucoma, lens dislocation and retinal 

detachment (Kraus et al, 2001; Mudd et al, 2011). Reports suggest that CBS is expressed 

in human, porcine and salamander retina; studies of CBS in mouse retina have been limited.  

The retina is exposed to high levels of oxidative stress and hence the presence of a robust 

transsulfuration pathway could serve as a precursor of glutathione, the major antioxidant 

in the retina, whereas absence of CBS could increase susceptibility of retina to oxidative 

damage.  We evaluated CBS and the gene encoding this enzyme at the molecular level.  

Tools used included qRT-PCR, semi-quantitative RT-PCR, western blot analysis, 
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immunohistochemistry in retinal tissues, immunocytochemistry in isolated retinal cells and 

an assay to detect CBS enzyme activity in primary Müller cells. In addition, we took 

advantage of the availability of Cbs-/- mice to confirm studies to detect this protein in retina.   

RT-PCR analysis using primers specific for mouse revealed Cbs expression in liver 

(positive control), and in retina and isolated primary retinal (ganglion, Müller and RPE) 

cells. These data provide the first evidence that Cbs is expressed at the gene level in mouse 

retina. Immunoblotting experiments performed in liver, a rich source of CBS, detected this 

protein in abundance with the expected molecular weight (~63 kD).  When livers harvested 

from Cbs-/- mice were subjected to immunoblotting, no corresponding band was detected.  

These findings suggest the specificity of the antibody used in these studies.  When we 

examined CBS expression in mouse retina and brain, a band of slightly higher molecular 

weight was observed. In the immunoblotting experiments using an affinity purified human 

CBS antiserum reported by Pong et al, (2007), the antibody did not recognize a band of the 

anticipated molecular size, although robust bands with higher molecular weight were 

readily detected. In our experiments, we used a commercially produced antibody, which 

was different than that used by Pong’s group.  It is possible that the difference in our results 

from theirs reflects differences in the reagents used for the two studies. These are the only 

two studies utilizing immunoblotting to investigate CBS expression in mouse retina. 

Interestingly, we found the antibody used for western blotting was not effective for 

immunohistochemical analysis, which was the reason why we used two different anti-CBS 

antibodies in our experiments. Immunofluorescence methods have been used previously to 
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evaluate CBS levels in mouse retina (Mikami et al, 2011; Pong et al, 2007) with the 

suggestion that CBS was not present in retinas from this species. We investigated this using 

retinal cryosections of wildtype mice, as well as retinas of Cbs-/- mice. In our hands, the 

antibodies we used detected CBS at a concentration of 1:250 in the wildtype retina, 

particularly in the ganglion cell layer. There was low level of CBS detection in other retinal 

layers. The studies by Mikami et al (2011) suggested no CBS in the mouse retina by 

immunofluorescence.  The discrepancy between our findings and theirs may be due to the 

exceedingly low concentration of CBS antibody (1:3000) used in their studies of the retina.  

Interestingly, earlier reports from this lab analyzed brain using a more concentrated 

formulation of the antibody (1:500) and CBS was detected (Ichinohe et al, 2005). The 

source of the antibody used by Mikami’s group was not specified (2011). Our 

immunohistochemical analysis of CBS detected this protein in mouse retina, most notably 

in the ganglion cell layer. There was faint CBS staining in other retinal layers, which 

prompted us to explore CBS in isolated retinal cells by immunocytochemistry. Our 

laboratory has considerable expertise in isolating several primary cell types from mouse 

retina. Using enriched populations of ganglion, Müller and RPE cells we were able to 

detect CBS expression in these three cell types (Bozard et al, 2012; Gnana-Prakasam et al, 

2009; Ha et al, 2011).  

In addition to establishing that the CBS gene and protein were expressed in mouse 

retina, we were interested also in assessing CBS enzyme activity.  Earlier reports by Pong 

suggested that there was no CBS activity in mouse retina. Their method was based on the 
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production of cystathionine in a radioactivity assay in which 14C-labeled serine was the co-

factor (Pong et al, 2007). They did not add excess amounts of the substrates hcy or cysteine 

in their assay. We used a different approach to assay CBS.  First, we studied the enzyme 

activity in an enriched population of retinal Müller cells because our immunocytochemical 

data showed considerable levels of the protein in these cells.  Secondly, we enhanced the 

chances of detection of CBS by adding excess levels of substrate. The difference in our 

results from those of Pong and co-workers may be due to differences in the sensitivity of 

the assays, the availability of substrates or the use of an enriched homogenous group of 

cells rather than retinal lysates. Our data provide compelling evidence that retinal Müller 

cells have CBS enzyme activity and may play a role in endogenous production of H2S 

opening avenues for future studies.  

             Our molecular, biochemical, immunohistochemical and enzymatic assay data are 

in keeping with the experiments performed in human and porcine tissue that demonstrated 

that CBS is present in retina (Persa et al, 2006). Our data differ from the earlier 

investigations of CBS in mouse retinas (Mikami et al, 2011; Pong et al, 2007) perhaps 

because of technical differences such as antibody concentrations in immunofluorescence 

studies and the use of isolated retinal cell types in enzyme activity assays. Taken 

collectively, our studies provide strong evidence that CBS is present in mouse retina at the 

gene and the protein level.  

After determining CBS expression in mouse retina, we investigated the Mthfr gene 

and the protein it encodes in the mouse retina in aim 1B. Mthfr converts N5, N10-
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methylenetetrahydrofolate to the circulatory form of folate (N5-methyltetrahydrofolate). It 

is not known whether the mouse retina expresses Mthfr. Tools used included qRT-PCR, 

western blot analysis and immunohistochemistry. Gene expression data revealed the 

presence of Mthfr transcript in the neural retina. All three variants of Mthfr mRNA 

transcripts were expressed in the mouse retina. The protein studies disclosed widespread 

retinal expression of MTHFR as determined using mouse retinal sections and neural retinal 

tissue. Co-labeling studies demonstrated robust expression of MTHFR protein in retinal 

neuronal, glial and epithelial cells. Apart from retina, MTHFR expression was also 

demonstrated in the cornea, the lens, the ciliary body and the optic nerve head. The pan 

ocular expression of MTHFR is not surprising considering the significance of MTHFR for 

normal cellular metabolism. MTHFR is critical for normal DNA/RNA metabolism, 

neurotransmitter synthesis and for several methylation reactions in the body (Gaughan et 

al, 2000; Goyette et al, 1998). Highly active tissues such as brain, heart, liver, testes, and 

ovaries are known to have abundant expression of MTHFR enzyme (Födinger et al, 1999; 

Homberger et al, 2000; Trap et al, 2000). Retina is also highly metabolically active tissue 

(Lowry et al, 1961). Moreover, MTHFR is crucial for folate metabolism in the retina. 

Deleterious ocular effects of folate deficiency include optic neuropathy and nutritional 

amblyopia with central vision loss (Golnik and Schaible, 1994; Sadun and Rubin, 1997). 

Our previous aim revealed abundant CBS expression in several retinal layers thereby 

demonstrating the underlying importance of folate-hcy-methionine metabolism in the 
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retina. Our study is the first study to provide compelling evidence of CBS and MTHFR 

enzymes in the mouse retina. 

Aim 2A and 2B of this thesis focused on comprehensive assessment of the retinal 

phenotype in mice with deficiency of Mthfr. We employed multiple approaches to analyze 

retinal morphology and function (8-24 wks). We focused on the heterozygous mice as 

heterozygosity for mthfr mutations are very common in the general population (Leclerc et 

al, 2005). The most significant findings that emerged from the second aim are (1) decreased 

positive scotopic threshold responses detected by ERG consistent with decreased ganglion 

cell function, (2) decreased thickness of the NFL detected by SD-OCT in Mthfr+/- mice 

compared to Mthfr+/+, (3) ~2 fold increase in hcy levels in Mthfr+/- compared to Mthfr+/+ 

mice, (4) altered expression of retinal mitochondrial biology related genes suggesting 

mitochondrial dysfunction associated with Hhcy.  These findings were accompanied by a 

reduction in the number of ganglion cells detected in systematic morphometric analyses of 

fixed retinal tissue of Mthfr+/- compared to Mthfr+/+ mice.  We also detected focal areas of 

vascular leakage by fluorescein angiography and an increased GFAP levels in Müller glial 

cells in Mthfr+/- retinas.  Our studies of the Mthfr mutant mouse did not detect decreased 

photoreceptor cell function (or fewer photoreceptor cells in the ONL) nor any significant 

alterations in the INL.  Thus, it appears that the endogenous elevation of Hcy due to 

deficiency of MTHFR impacts mostly the inner retina, particularly the ganglion cells.  The 

loss of ganglion cells is not associated with an increase in intraocular pressure. The 

decreased positive scotopic threshold responses detected by ERG in Mthfr+/- mice at 24 
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wks supports the observation of decreased ganglion cell function in Mthfr+/- mice.  We did 

not observe a decrease in the a-, the b- or the c-waves of ERG in Mthfr+/- mice. This is in 

contrast with the early onset (~15 weeks) of significant functional loss reported in the 

Cbs+/- mice indicating that Cbs deficiency impacts retinal function more than Mthfr 

deficiency. We observed ~20% decrease in the number of nuclei in the GCL in Mthfr+/- 

mice by 24 weeks. Similarly, ~20 % loss of ganglion cells due to Hhcy has been reported 

in high methionine fed Cbs+/- mice after 5 weeks of the onset of the diet. Induction of 

diabetes also resulted in accelerated loss of ganglion cells (~20%) in Cbs+/- mice as 

compared with diabetic WT mice (Ganapathy et al, 2009b). The in vivo data are supported 

by in vitro observation as 50 M D, L-hcy thiolactone treatment in primary mouse ganglion 

cells resulted in ~ 50-60% cell death within 18 hours (Ganapathy et al, 2010). Another 

common feature in both Mthfr and Cbs heterozygous mice is similar 2-fold elevation in 

retinal hcy as measured by HPLC indicating activation of common pathways due to similar 

hcy levels. In addition, we report similar onset of vascular and glial alterations (~24 weeks) 

in both Mthfr+/- and Cbs+/- although the changes in Cbs+/- are more profound (Tawfik et al, 

2014). The similarities in retinal phenotype of Mthfr+/- and Cbs+/- mice provide evidence 

for Hhcy being the causative factor in retinal abnormalities reported in Cbs deficiency. 

To investigate a possible mechanism of Hhcy-induced damage to the retina, we 

performed mitochondrial gene array using retinas from 20 week mice in aim 2C. This array 

has three main advantages: first it specifically targets the mitochondria; secondly it yields 

relatively manageable data of 84 genes; and third it is based on the use of validated PCR 
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primers unlike microarrays that require further validation with PCR. Our mitochondrial 

PCR array revealed altered expression of 20 different genes in the retinas of Mthfr+/- mice. 

These genes are involved with various functions of mitochondria such as regulation of cell 

death by apoptosis, mitochondrial transport and mitochondrial fusion. We observed a ~7-

fold upregulation of an apoptotic and senescence marker gene, Cdkn2a, in retinas from 

Mthfr+/- mice. Interestingly, the microarray of high methionine fed Cbs+/- (5 weeks post-

onset of the diet) identified down regulation of cyclin D1 gene by ~2.5 fold (Ganapathy et 

al, 2009). Increased Cdkn2a with decreased expression of cyclin D1 gene is reported in 

certain types of cancers (Tani et al, 2010). Other gene family that was upregulated (2-5 

fold) in both Cbs and Mthfr heterozygous mice is solute carrier family proteins involved 

with transport of calcium, adenine, phosphate and ornithine in the mitochondria, indicating 

increase in calcium and other molecules mitochondrial transport associated with Hhcy. 

Although Cbs+/- mice have increased expression of retinal Opa-1 and Fis1 genes, we did 

not observe upregulation in retinas from Mthfr+/- mice. In contrast, Mitofusin, involved 

with fusion of mitochondria was significantly decreased in retinas of Mthfr+/- mice but 

remained unaltered in Cbs+/- mice (Ganapathy et al, 2011). The differences could be 

explained by dietary manipulation of methionine leading to 7-fold increase in plasma hcy 

in high methionine fed Cbs+/- mice compared with ~1.6 fold high plasma hcy in the Mthfr+/- 

mice. Some other genes such as Tafazzin, tomm40, lrpprc were downregulated in Mthfr+/- 

mice. These genes were not identified by microarray studies in Cbs+/- mice. Although some 

of the genes identified by mitochondrial PCR array in Mthfr+/- mice were different than 
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those disclosed by microarray from Cbs+/- mice retinas, the alteration of common functions 

(apoptosis, mitochondrial fusion, mitochondrial transport) in both models reinenforces the 

involvement of mitochondrial damage in retinal abnormalities caused by Hhcy and sets the 

stage for validation of mitochondrial biology related gene changes at the protein level.  

Our data contribute to our understanding of the potential effects of Hhcy on retina.  

There have been many studies in humans investigating the link between Hhcy and retinal 

diseases. Despite the considerable evidence incriminating Hhcy in disease, controversy 

exists as to whether Hhcy is actually pathogenic or merely a biomarker of disease, 

including retinal disease (Cacciapuoti et al, 2011; Smulders and Blom, 2011; Wright et al, 

2008). 

Our laboratory has been intrigued with the effects of Hhcy on retinal structure and 

function.  In earlier studies we explored this using Cbs+/- mice, a mutation that renders the 

mild Hhcy in mice.  Those studies, which examined morphology (Ganapathy et al, 2009), 

vasculature (Tawfik et al, 2013 and 2014) and retinal function by ERG (Yu et al, 2011), 

suggested that mild Hhcy is associated with a moderate reduction (~20%) of ganglion cells, 

gliosis as evident from upregulation of GFAP, and vascular/functional alterations by 30 

wks of age. The functional abnormalities were observed in Cbs+/- mice at 15 weeks when 

reductions in amplitude were noted for the ERG a- and b-wave and the light peak 

component (Yu et al, 2011).  The later onset functional defects in Cbs+/- mice are consistent 

with a slow ganglion cell loss (Ganapathy et al, 2009). The data obtained from Cbs+/- mice 

could be interpreted as direct evidence that Hhcy is deleterious to retinal neurons and 
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vasculature.  However, such an interpretation ignores the fact that a key metabolic pathway 

is disrupted in that model system.  The transsulfuration pathway mediated by Cbs, is an 

endogenous pathway for coupling toxic hcy removal with protective H2S and GSH 

production.  That is, the data from Cbs mice mutation studies may reflect a loss of critical 

downstream biochemical products rather than direct consequences of elevated hcy.   

Our study recognizes this possibility and takes advantage of a second model system, 

one in which levels of hcy are elevated, but the transsulfuration pathway is intact. Using 

mice deficient/lacking MTHFR we were able to evaluate effects of Hhcy on retinal 

structure/function without the loss of potentially beneficial byproducts of the 

transsulfuration pathway. In Mthfr+/- mice, the transsulfuration pathway is not affected, 

whereas the remethylation pathway is interrupted.  The conclusions of the present study, 

that ganglion cells are lost, but the remainder of the retina is relatively spared and that there 

is a mild vasculopathy associated with this model is similar to our findings with the Cbs 

mutant mouse (Ganapathy et al, 2009; Tawfik et al, 2013, 2014 and Yu et al, 2012).  The 

data provide strong evidence that Hhcy has deleterious effects on ganglion cells and retinal 

vasculature. It is noteworthy that our immunohistochemical data suggest elevations of hcy 

throughout the retina, not solely in ganglion cells. Hcy is known to be excitotoxic (much 

like glutamate; Do et al, 1998) and so ganglion cells may be particularly vulnerable to its 

effects when elevated.  

Studies of excess hcy on retinal function continue to be reported in the clinical 

literature. A recent report of 20 subjects with Eales’ disease, an idiopathic retinal disorder 
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characterized by inflammation and neovascularization, revealed significant elevation of 

plasma hcy and hcy-thiolactone compared to control subjects. In the affected patients there 

was an increase in protein homocysteinylation and a decrease in GSH (Bharathselvi et al, 

2013). The steady increase in the number of visual diseases in which Hcy is implicated 

provides strong impetus to understand mechanisms of hcy-mediated retinal dysfunction 

and to develop appropriate intervention strategies.  

Our work sets the stage to investigate mitochondrial dysfunction at protein and 

functional levels by which Hhcy affects retinal neurovascular integrity. Future studies will 

determine which retinal cell(s) are directly affected by Hhcy, including ganglion cells, and 

whether there is protein homocysteinylation in these cells that might compromise survival. 

In addition, retinal Müller glial cells may be a target for the deleterious consequences of 

Hhcy since they provide important trophic support for ganglion cells. Future studies should 

compare the levels of GSH, H2S and other antioxidant/protective factors in retinas of both 

Mthfr+/- and Cbs+/- mice.   Using models of Hhcy will also allow therapeutic intervention 

strategies to be tested, including dietary augmentation using folate/B6/B12 

supplementation and pharmacologic intervention. 
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V. SUMMARY 
 

 

Hcy (hcy), a sulfur containing amino acid, is an integral part of methionine 

metabolism. Elevated plasma level of hcy (Hhcy) is identified as risk factor for 

cardiovascular disorders and implicated in various retinal diseases. Cbs and Mthfr are key 

enzymes of hcy metabolism. Cbs catalyzes transsulfuration pathway yielding beneficial 

downstream products such as taurine, H2S and glutathione (GSH). Mthfr converts inactive 

form of folate to its active form, the latter is required for methylation of hcy. No 

information is currently available about the retinal expression of Mthfr and current data 

regarding Cbs in the mouse retina is contentious (Mikami et al, 2011; Pong et al, 2007). 

Murine models of Cbs and Mthfr are invaluable tools to understand Hhcy pathophysiology 

in humans. Our lab has reported the retinal phenotype of Cbs mutant mice. Depending upon 

the loss of both or one alleles, marked to mild retinal neurovascular and functional 

alterations were observed. The data from Cbs mutant mice raise an important question: are 

the retinal neurovasculopathies observed in the absence/deficiency of Cbs attributed to 

excess hcy levels or is it due to a decline in availability of taurine, H2S and GSH? This 

issue can be addressed by studying the retinal phenotype of Mthfr mutant mice. The 

purpose of our study was to test the hypothesis that Cbs and Mthfr genes and proteins are 

expressed in the mouse retina and Hhcy will result in retinal neurovascular and functional 

alterations.  

 To test our hypothesis we investigated two aims. Aim1 investigated the expression 

of Cbs and Mthfr genes and proteins in the mouse retina. Aim 2 sought to characterize the 
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retinal phenotype in the Mthfr mutant mice. We focused on Mthfr+/- mice because 

heterozygous mutations in the Mthfr gene are the most common cause for Hhcy. Aim 1 

determined robust expression of Cbs and Mthfr genes and proteins in the mouse retina 

suggesting the underlying importance of homocystine metabolism in the retina. After 

determining Cbs and Mthfr expression in the mouse retina, we employed a comprehensive 

approach to study the retinal phenotype in Mthfr+/- by application of tools such as ERG, 

Fundus and FA, OCT, HPLC, morphometric, immunohistochemistry (IHC) and PCR 

arrays. ERG revealed a significant decrease in positive scotopic threshold response in 

retinas of Mthfr+/- mice at 24 wks. FA revealed areas of focal vascular leakage in 20% of 

Mthfr+/- mice at 12-16 wks and 60% by 24 wks suggesting potential vascular damage 

mediated by Hhcy. SD-OCT revealed a significant decrease in NFL thickness at 24 wks in 

Mthfr+/- compared to Mthfr+/+mice. There was a 2-fold elevation in retinal hcy at 24 wks 

in Mthfr+/- mice by HPLC and IHC. Morphometric analysis revealed ~20% reduction in 

cells in the ganglion cell layer of Mthfr+/- mice at 24 wks. IHC indicated significantly-

increased GFAP labeling suggestive of Müller cell activation. The similar loss of ganglion 

cells, focal vascular leakage, a 2-fold elevation in retinal hcy, gliosis and functional 

abnormities were reported in Cbs+/- mice thus supporting our hypothesis that Hhcy is 

detrimental for normal retinal heath. In addition, we explored retinal mitochondrial 

dysfunction as a possible mechanism of Hhcy. PCR array data analysis revealed 

upregulation of pro-apoptotic genes and decreased expression of genes associated with 

normal mitochondrial transport function. Future studies will validate these results at the 

protein and functional levels. Table VI represents a summary of comparison between the 

retinal phenotypes in Cbs and Mthfr deficiencies. Future studies will also investigate folate 
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supplementation in Mthfr+/- mice as a treatment strategy for retinal abnormalities as folate 

is known to stabilize Cbs and Mthfr enzymes. To conclude, our data support the hypothesis 

that Hhcy may be causative in certain retinal neurovasculopathies. These data contribute 

to our understanding of the potential effects of Hhcy on retina and may prove useful in 

cardiovascular and neurodenegrative disease model systems of Hhcy. 
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Table VI .Comparison between the retinal phenotypes of Mthfr+/- and Cbs+/- mice 

Parameters Mthfr+/- Cbs+/- 

Life span and 

reproductive 

potential 

Normal life span 

and breeding 

performance 

Normal life span and breeding 

performance 

Retinal expression Widespread 

(neuronal, glial 

and epithelial) 

Widespread (neuronal, glial and 

epithelial) 

Gross retinal 

disruption 

No gross retinal 

disruption 

No gross retinal disruption 

RGC loss ~20 % decrease 

in number of 

nuclei in the 

GCL at 24 wks 

Modest loss at 52 weeks not 

significantly reduced compared with 

control mice. When fed on high 

methionine diet the Cbs+/- mice 

displayed ~20 decline in number of cells 

in the GCL after 5 weeks. Induction of 

diabetes for 15 wks also result in ~20 

decline in number of cells in the GCL in 

the Cbs+/- mice. 

Mostly affected 

retinal cell type 

RGC RGC 

ERG decline in the 

a-,b-and c-waves 

Normal till 52 

wks 

Significantly decreased at 30 weeks 

pSTRs (indicative 

of RGCs 

dysfunction) 

Significantly 

reduced at 24 

wks 

Not yet tested 

Onset of gliosis 24 wks 24 wks 

Onset of 

vasculopathy 

24 wks 24 wks 

Retinal hcy levels 

compared with the 

control (WT) mice 

by HPLC 

2-fold increase 2-fold increase 

Alterations in the 

retinal 

mitochondrial 

genes 

Yes  Yes 

Proapoptotic genes  

in the retina 
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APPENDIX 

 

Mthfr deficiency: A genetic modifier in the retinal phenotype of rd8 homozygous 

mice? 

 Rationale 

As noted in the methods section, we received the breeding pairs of methylene 

tetrahydrofolate reductase heterozygous (Mthfr+/-) mice from Dr. R. Rozen’s laboratory. 

The Mthfr+/- mice are a murine model for mild to moderate hyperhomocysteinemia (Hhcy). 

Our laboratory focuses on studying the effects of Hhcy on the mouse retina. The Mthfr 

mutations are the most common genetic cause of Hhcy (Födinger et al, 1991). The Mthfr+/- 

mice were generated on C57BL/6 mice background (Vendor, Harlan). The breeding pairs 

were used in generation of our colony of Mthfr+/- mice. We began comprehensive analyses 

of the retinal phenotype in Mthfr+/- mice at ages 8-52 wks. During our characterization 

studies, we noticed focal white spots on the fundus and pseudo or half-rosettes in the retinal 

sections in some of our control mice and in all of the Mthfr+/- mice. Mattapallil et al (2012) 

published that the presence of rd8 mutation in vendor lines (Harlan) of C57BL/6 mice may 

confound results of the retinal phenotype in many mouse models that are generated on that 

background. We tested our Mthfr+/- mice for the presence of rd8 mutation and our Mthfr+/- 

and WT mice were homozygous for the mutation. Examples of rd8 genotyping is shown in 

Fig.1. 
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For studies in aim 2, we crossed Mthfr+/- mice with C57BL/6J mice for several 

generations to eliminate the rd8 mutation in Mthfr+/- mice.  

The retinal phenotype characterization data of Mthfr+/- mice (ERG, OCT, FA, 

morphometric, PCR array) described in aim 2 of my thesis were derived from rd8 free 

Mthfr+/- mice. This study investigated retinas of mice that were heterozygous for Mthfr and 

homozygous for the rd8 mutation. Below is a description of the gene altered in rd8 mice 

and the rationale for investigating the retinal function and phenotype in these animals.  

 

The Crumbs (crb) gene was first identified in Drosophila. It plays a crucial role in the 

maintenance of apico-basal cell polarity in embryonic epithelia (Tepass et al, 1990). For 

epithelial cells such as RPE and neurons like photoreceptors, maintenance of apical and 

basal compartments polarity is imperative for cell to cell connections, communication and 

directional transport (Gosens et al, 2008). Homozygous crb mutations in Drosophila result 

in loss of the cuticle of the embryos with a few remaining grains resembling crumbs, hence 

the name “crumbs” was derived (Tepass et al, 1990; Grawe et al, 1996).  Crumbs proteins 

are highly conserved between species (humans, mice, fish, and drosophila). Crumbs 

homologue (CRB) is found in humans and mice with crumbs family members 

(CRB1/Crb1, CRB2/Crb2 and CRB3/Crb3).  Crb1 is limited in expression to brain and 

retina (Hollander et al, 2001). Crb 2 is expressed in RPE, heart, lung, kidney and placenta 

(Vanden Hurk et al, 2005) and Crb3 is expressed in retina and various other tissues 

(Makarova et al, 2003). The Crb1 is localized in the subapical region (SAR) above the 

outer or external limiting membrane (ELM).  
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The ELM is formed by adherens junctions between Müller glia and photoreceptors.  

SAR is located above adherens junctions and consist of a group of adaptor proteins 

including Crb1 (Richard et al, 2006). Fig. 2 illustrates the location of Crb1 in the mouse 

retina. Mutations in the CRB1 gene in humans are implicated in various human retinal 

degenerative diseases such as Leber’s congenital amaurosis (LCA), autosomal recessive 

retinitis pigmentosa (ArRP), and retinitis pigmentosa with coats-like exudative 

vasculopathy (Hollander et al, 2004; McKay et al, 2005; Mehalow, et al 2003). LCA is one 

of the most severe form of retinal dystrophies leading to blindness or severe visual damage 

at birth in humans (Hollander et al, 2004). ArRP is characterized by a progressive loss of 

photoreceptor cells. A rare complication of ArRP is the development of coats-like 

exudative vasculopathy, characterized by vascular defects, extravascular lipid depositions 

and retinal detachment (Richard et al, 2006). Interestingly, there is no clear genotype–

phenotype correlation for human CRB1 mutations in RP and LCA. High variability in 

clinical features is observed in CRB1 mutations suggesting a possible role for 

environmental factors or genetic modifiers in influencing the severity of the disease 

(Bujakowska et al, 2012; Gosens et al, 2006; Henderson et al, 2011; Hollander et al, 2004; 

Richard et al, 2006; Luhmann et al, 2015). Considering the severity of retinal diseases 

related to CRB1 mutations, identification of genetic modifiers that impact the severity of 

disease phenotype is critical.   

Three murine models are available to understand Crb1 mutation. There is Crb1-/- 

(knock-out) mouse model with no functional Crb1. The phenotype includes disrupted 

ELM, half or pseudo rosettes and cell death in the INL and ONL after 3-9 months (Van de 
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Pavert et al, 2004). Another CrbC249W knock-in mouse manifests late onset loss of 

photoreceptor cells (Van de Pavert et al, 2007). 

 The rd8 mouse has a naturally occurring mutation in the Crb1 gene (Gosens, et al 

2008). The rd8 retinal phenotype occurs due to a single base pair deletion in exon 9 of the 

mouse Crb1 gene (nt3481) (Hollander et al, 1999). The retinal abnormalities reported in 

rd8 mouse include focal disruption of the ELM resulting in loss of connection between the 

Müller and photoreceptors cells, shortened inner and outer segments, retinal folds and 

pseudorosettes observed 5 weeks after birth (Mehalow et al, 2003). The anatomical retinal 

changes are not accompanied by ERG dysfunction. ERG in rd8 mice is comparable to the 

WT mice by 18 months of age. By 18 months, decreased b-wave amplitude is reported 

(Aleman et al, 2011). 

Our laboratory focuses on understanding the effects of elevated levels of 

homocysteine, an amino acid, in the retina. The most common genetic cause for excess 

homocysteine are mutations in MTHFR enzyme. Various polymorphisms have been 

identified and investigated. One of the most common single nucleotide polymorphisms 

(SNP) is 677C>T heterozygous mutation observed in 44% of Americans. The 677C>T 

mutation predisposes an individual to mild or moderate Hhcy (Födinger et al, 1991). 

Considering the high occurrence of Mthfr mutations and the need for identification of 

genetic modifiers in Crb1 related retinal diseases, it is possible that these two mutations 

coexist in humans and influence severity of Crb-1 related retinal disease.  The Mthfr+/- 

mice bred on rd8 background are a valuable tool for this proof of concept.   

Hypothesis: We hypothesize that Mthfr deficiency leading to Hhcy is a genetic 

modifier in rd8-related retinal pathologies. 
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To investigate the hypothesis that the presence of Mthfr deficiency will alter the 

retinal phenotype in the rd8 homozygous mice, we performed comprehensive analysis of 

the retinal phenotype in the Mthfr heterozygous mice on rd8 background in comparison 

with the wildtype mice on rd8 background at 8, 12, 24 and 52 wks of age. Henceforth we 

will designate the rd8 mice as Mthfr+/+rd8/rd8 and Mthfr heterozygous mice on rd8 

background as Mthfr+/- rd8/rd8.  The number of mice used for each experiment is provided in 

Table I. The methods used for characterization experiments are same as described in aim 

2 of my thesis. 

 

Body weight and IOP: The Mthfr+/- rd8/rd8 mice had normal life span with normal 

reproductive performance in both males and females. The average body weight of Mthfr+/- 

rd8/rd8 and Mthfr+/+rd8/rd8 mice is provided in Fig. 3A. The average body weight in both 

groups was similar from 8-24 wks. To our surprise, by 52 wks of age, a significant increase 

in the body weight in Mthfr+/- mice (~42 gm)  compared to WT mice (~32 gm) was observed 

(Fig. 3A). Elevated IOP is a risk factor for glaucoma. As Hhcy is implicated in glaucoma, 

we measured IOP in both Mthfr+/-rd8/rd8 and Mthfr+/+rd8/rd8 mice at 8-52 wks. As shown in 

Fig. 3B, IOP was similar in both groups at all ages studied.  

 

ERG: ERG dysfunction is reported in rd8 mice by 18 months with subtle changes in the 

a-wave, b-wave and the c-wave (Aleman et al, 2011). To evaluate whether Hhcy in 

combination with the rd8 mutation alters retinal function, we performed light- and dark- 

adapted ERGs at ages 32-52 wks in Mthfr+/+rd8/rd8 and Mthfr+/-rd8/rd8 mice. 

 



163 

 

 

 

Table I. Animals used in this study 

 

 

* ERG studies 

 

 

 

 

Mouse Genotype N Age (wks) 

 

Body weight, IOP, ERG, Fundus, FA and morphometric analysis analyses  

Mthfr+/+rd8/rd8   7 8 

Mthfr+/-rd8/rd8  6 8 

 

Mthfr+/+rd8/rd8   5 12 

Mthfr+/-rd8/rd8  10 12 

Mthfr+/+rd8/rd8   7 24 

Mthfr+/-rd8/rd8  11 24 

Mthfr+/+rd8/rd8   3  32* 

Mthfr+/-rd8/rd8  3  32* 

Mthfr+/+rd8/rd8   7 52 

Mthfr+/-rd8/rd8  4 52 

Immunohistochemistry and Western blotting  to examine Isolectin-b4 and GFAP levels 

Mthfr+/+rd8/rd8   4 56 

Mthfr+/-rd8/rd8  4 56 

Mthfr+/+rd8/rd8   3 52 

Mthfr+/-rd8/rd8  3 52 
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Fig.4 represents the summary of scotopic flash responses ERG results in both groups of 

mice at 32 wk. No difference in the a-wave, b-wave or c-wave was observed in either 

mouse (Fig.4). By 52 wks of age, a significant decline in the amplitude and peak time of 

a-wave (Fig 5A), the b-wave (Fig 5B) and the c-wave (Fig 5C) in retinas of Mthfr+/-rd8/rd8 

mice was observed reflecting dysfunction in PRC, bipolar cells and RGC. In addition 

significant decline in the amplitude of kernel (Fig 5G), and absolute phase (Fig 5H) were 

observed. Taken together, the ERG results provide evidence for profound alteration of 

function by 52 wks in Mthfr heterozygous mice on the rd8 background.  

 

Fundus and Fluorescein angiography (FA) 

 Additional in vivo assessments were performed in Mthfr+/+rd8/rd8 and Mthfr+/-rd8/rd8 

mice including fundoscopy and FA examination (aged 8-52 wks). Typically, the rd8 

mutation manifests as focal white spots limited to the inferior temporal quadrant of the 

fundus. In our hands, we observed inconsistency in the appearance of these spots in the 

Mthfr+/+rd8/rd8 mice (i.e. although all Mthfr+/+rd8/rd8 mice had rd8 mutation but not all mice 

displayed rd8 spots by fundoscopy). The number as well as the size of rd8 spots increased 

in Mthfr+/-rd8/rd8 mice over ages studied (Fig. 6C, 6G, 6K and 6O).    
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Figure 4 
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Figure 5 
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Figure 6 
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As shown in Fig 6K, by 24 wks, marked retinal disruption including geographic 

atrophy was observed in 60-70% Mthfr+/-rd8/rd8 mice. This increased to ~100% by 52 wks 

(Fig. 6O). Retinal vascular leakage and neovascularization are reported in 18 month old 

rd8 mice (Aleman et al, 2011). We examined FA in Mthfr+/+rd8/rd8 and Mthfr+/-rd8/rd8 mice 

to test whether the vascular alterations had an earlier onset in Mthfr+/-rd8/rd8 mice. FA 

revealed no vascular abnormalities in either mice at 8-12 wks (Fig. 6 B, 6D, 6E and 6H). 

By 24 wks, ~60% of Mthfr+/-rd8/rd8 mice examined displayed variable leakage and vascular 

tortouisty (Fig. 6E). By 52 wks, vascular abnormalities were observed in all Mthfr+/-rd8/rd8 

mice studied. The vascular alterations included tortouisty (Fig. 7A, white arrow heads), 

ischemia (Fig. 7B area demarcated by white boundary), beading (Fig. 7C, arrow), 

neovascularization (Fig. 7C, arrow heads) and vascular leakage (Fig. 7C, asterisk). Thus, 

the combination of rd8 and Hhcy results in severe retinal vasculopathy.  

 

Morphology and Morphometric analysis 

To evaluate the consequences of the combination of rd8 mutation with Hhcy on retinal 

histology, retinas from Mthfr+/+rd8/rd8 and Mthfr+/-rd8/rd8 mice (8-52 wks) were subjected to 

systematic morphological analysis.  Focal areas of retinal disruption limited to the ONL 

and RPE layers are morphological features of rd8 mutation (Baehr and Frederick, 2009). 

Typically the rd8 mutation presents as small rosettes or disruption in the ELM (Baehr and 

Frederick, 2009). We observed these rosettes in the Mthfr+/+rd8/rd8 retinas throughout the 

age ranges studied albeit with inconsistency (Fig.8).  
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Figure 7 
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The number and magnitude of rd8-like disruption increased in Mthfr+/-rd8/rd8 mice.  

At 8 wks (Mthfr+/+rd8/rd8, n=7; Mthfr+/-, n=6) retinal disruption was observed in ~50% of 

Mthfr+/-rd8/rd8 mice compared to ~25% Mthfr+/+rd8/rd8 mice (Fig. 8, 8 wks).  At 12 wks 

(Mthfr+/+rd8/rd8, n=5; Mthfr+/-rd8/rd8 n=10), retinal disruption increased to ~70% Mthfr+/- 

mice compared to ~40% Mthfr+/+rd8/rd8 mice (Fig.8, 12 wks).   At 24 wks (Mthfr+/+rd8/rd8, 

n=7; Mthfr+/-rd8/rd8 n=11), retinal disruption was observed in ~80% of Mthfr+/-rd8/rd8 mice 

compared to ~30% Mthfr+/+rd8/rd8 mice (Fig.8, 24 wks).  Fewer nuclei were seen in the GCL 

layer (Fig. 8, 24 wks, arrow heads). Complete retinal detachment was also observed in 

~20% of Mthfr+/- mice. The retinal disruption was observed in all Mthfr+/- mice examined 

at 52 wks of age (Mthfr+/+rd8/rd8, n=7; Mthfr+/-rd8/rd8, n=4).  No retinal detachment was 

observed in 52 wks old Mthfr+/-rd8/rd8 mice (Fig. 8, 52 wks).  This may be attributed to fewer 

mice available for examination.  

We quantified the changes by performing comprehensive morphometric analysis. 

This included quantification of the number of cells in the ganglion cell layer (GCL 

expressed as cell count per 100 µm, the number of cell rows in the inner nuclear layer (INL) 

and outer nuclear layer (ONL), the measurement of the thickness of the inner and outer 

plexiform layers (IPL and OPL), the thickness of the inner and outer segments of 

photoreceptor cells (IS and OS), measurement of cell height of the retinal pigment 

epithelium (RPE) and total retinal thickness. The data for the number of cells in the GCL 

and number of cell rows in the INL and ONL are shown in Fig. 9. A significant decrease 

in the number of cells in the GCL was observed at 24 and 52 wks in Mthfr+/-rd8/rd8mice in 

comparison with the Mthfr+/+rd8/rd8 mice. (Fig. 9A). 
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Figure 8  

 

 

 

 

 

 

 

 

 

 

 



173 

 

 

 

 

                                                                                                                          Figure 9 
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The number of cell rows in the INL (Fig. 9B) and the ONL (Fig. 9C) was similar between 

both groups of mice. Apart from inner segment thinning at 24 wks of age in 

Mthfr+/+rd8/rd8mice the other parameters measured were not altered in Mthfr+/-rd8/rd8 mice 

compared to Mthfr+/+rd8/rd8 over the age ranges studied (Fig. 10).  

 

Evaluation of blood vessel integrity and gliosis  

Crb1 is expressed in the adherens junctions in the ELM of retinal Müller cells (Richard et 

al, 2006). Disruption of the ELM, activation of gliosis in Müller cells and loss of outer 

retinal blood barrier have been reported in Crb1 homozygous mice (Pearson et al, 2010). 

To investigate the vascular-glial morphology, we performed retinal flatmount with GFAP, 

a gliosis marker for stressed Müller cells, (Sarthy et al, 2002) and isolectin-b4, a marker 

for blood vessels, per our published protocol (Tawfik et al, 2013). As shown in Fig.11, the 

isolectin staining revealed the presence of abnormal blood vessels in retinas from Mthfr+/-

rd8/rd8 mice at 13 months of age. Loss of retinal blood vessel integrity, neovascularization 

(white arrows) and upregulation of GFAP were observed in Mthfr+/-rd8/rd8 mice. To quantify 

the upregulation of GFAP, neural retina from Mthfr+/+rd8/rd8 and Mthfr+/-rd8/rd8 mice were 

subjected to immunoblotting analysis using anti-GFAP antibody. In addition, we 

investigated the protein expression of vimentin, a marker of Müller cells (Sarthy et al, 

2002). GAPDH was used as housekeeping control (Fig. 12A). The densitometric analysis 

of protein bands revealed no significant difference in GFAP and vimentin expression in 

both groups (Fig. 12B).
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Figure 10 
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Figure 11 
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Figure 12 
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Corneal and lens abnormalities 

In addition to analyzing retinal structure, we examined other ocular tissues in 

Mthfr+/+rd8/rd8 and Mthfr+/-rd8/rd8 for gross morphological changes.  We observed an 

abnormally thick cornea with neovascularization in ~ 20 % of Mthfr+/-rd8/rd8 mice at ages 

8-24 wks (Fig 13 B and C).  We observed thicker corneas in two of the Mthfr+/+rd8/rd8 mice 

at 24 wks. No significant difference was observed in total corneal thickness in Mthfr+/- 

mice.  At 52 wks, 2 out of 4 Mthfr+/-rd8/rd8 mice displayed corneal thickening and 

vascularization.  Some of these features are shown in Fig.13 B and 13 C. Lens dislocation/ 

disruption was seen in fewer than 20% Mthfr+/-rd8/rd8 mice at 24 wks age (Fig. 14H). 

Corneal or lens opacity in Mthfr+/-rd8/rd8 mouse at 24 wks is shown in Fig. 13E by 

fundoscopy. The low magnification FA image shows clear cornea in the Mthfr+/+rd8/rd8 (Fig. 

13F) mouse while corneal opacity in the Mthfr+/-rd8/rd8 mouse (Fig. 13G).  

 

Discussion 

 

The rd8 mouse represents a naturally occurring mutation in the Crb1 gene. The rd8 

retina phenotype occurs due to a single base pair deletion in exon 9 of the mouse Crb1 gene 

(nt3481) (Hollander et al, 1999). Mutations in CRB1 gene in humans are implicated in 

severe forms of retinal dystrophies such as LCA, RP and RP with coats-like exudative 

vasculopathy (Richard et al, 2006). These diseases lead to severe impairment in vision or 

complete blindness at young ages in human (Richard et al, 2006).  
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Figure 13 
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Variable phenotypes have been reported  in patients of LCA, RP with CRB1 

mutations thereby suggesting a possible role of other genes in influencing the onset and 

phenotype of these diseases (Bujakowska et al, 2012; Gosens et al, 2006; Henderson et al, 

2011; Hollander et al, 2004; Richard et al, 2006). Our laboratory focuses on investigating 

effects of elevated hcy, an amino acid, on the retinal morphology and function. Elevated 

plasma levels of hcy, termed hyperhomocysteinemia (Hhcy), and is implicated in various 

retinal disorders such as diabetic retinopathy (Yang, et al 2002), glaucoma (Bleich, et al 

2002), CRVO (Lahey, et al 2003) and AMD (Seddon, et al 2006). Mthfr mutations are the 

most common genetic cause for Hhcy (Födinger et al, 1991). One of the most common 

SNP, 677C>T, results in ~1.5 fold elevated hcy in humans (Födinger et al, 1991). Mthfr 

heterozygous mice are valuable tools to investigate consequences of endogenous elevation 

of hcy as these mice have ~1.6 fold higher plasma hcy levels compared with the wildtype 

mice (Lawrance et al, 2011). The current study investigated the hypothesis that mild Hhcy 

in Mthfr+/-rd8/rd8 mice will modify the retinal phenotype in the Mthfr+/+rd8/rd8 mice by 

accelerating the onset and severity of the retinal neurovascular abnormalities.  Two groups 

of mice included in this study are the Mthfr+/+rd8/rd8 and Mthfr+/-rd8/rd8 mice.  

The most important findings that emerged from these studies were: increase in body 

weight in Mthfr+/-rd8/rd8 mice by 52 wk; early onset of retinal dysfunction and morphologic 

disruption in Mthfr+/-rd8/rd8 mice; loss of the number of nuclei in the GCL, occurrence of 

retinal detachment, loss of retinal vascular integrity, and corneal morphological 

abnormalities in Mthfr+/-rd8/rd8 mice. The significant increase in the body weight in Mthfr+/-

rd8/rd8 mice is intriguing.  
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No current evidence exists linking rd8 or Mthfr mutations with weight gain 

although Hhcy due to Mthfr mutation is implicated in dysregulation of lipid metabolism 

(Adinolfi et al, 2005).  The Mthfr+/- mice have lipid deposits in the aorta (Chen et al, 2001). 

The additive effect of Hhcy, aging and rd8 mutation may explain weight gain in year old 

Mthfr+/-rd8/rd8 mice. Interestingly, Mthfr+/- mice (without rd8 mutation) have body weights 

similar to the WT (Mthfr+/+) mice (Markand et al, 2015). This suggests that Hhcy with rd8 

mutation may influence body weight.  

The rd8 mice have focal retinal lesions in the form of disrupted adherens junctions 

at the ELM, half-rosettes with normal ERG function (Gosens et al, 2008). Functional 

changes are observed at 18 months of age (Aleman et al, 2011). We performed ERG in 

Mthfr+/+rd8/rd8 and Mthfr+/-rd8/rd8 mice (52 wks). ERG analysis revealed significant decline 

in the a-wave, b-wave and the c-waves in Mthfr+/-rd8/rd8 mice.  The ERG analysis of the a-, 

b- and c-waves in Mthfr+/- mice (with no rd8 mutation) are comparable to the WT mice at 

24 wks (Markand et al, 2015) and 52 wks (Smith lab, unpublished data). Thus, the ERG 

data on rd8 containing Mthfr+/-rd8/rd8 mice support the notion of accelerated retinal 

dysfunction when Hhcy and rd8 coexist.  

The neurovascular abnormalities preceded the retinal dysfunction as marked retinal 

disruption, vascular leakage, ischemia and loss of blood vessel integrity were observed by 

funduscopy and FA exams of Mthfr+/-rd8/rd8 mice at 24 wks.  The vascular abnormalities 

were confirmed by retinal flatmount staining with isolectin b-4. The vasculopathy in rd8 

mice is reported around 18 months of age (Aleman et al, 2011). Vascular alterations in 

Mthfr+/- mice mutation are also appreciated by 24 wks although is not as severe as observed 
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in Mthfr+/-rd8/rd8 mice (Markand et al, 2015). Thus, profound and early onset of retinal 

vasculopathy supports our hypothesis of Hhcy as a modifier in rd8 related retinal 

pathologies. The vasculopathy in Mthfr+/-rd8/rd8 mice was not accompanied by GFAP 

upregulation (by flatmount and immunoblotting) although GFAP upregulation in rd8 mice 

was reported earlier (Pearson et al, 2010).  

Morphometric data revealed significant loss of GCL in the Mthfr+/-rd8/rd8 mice by 

24 wks, which was sustained through 52 wks. Similar loss of cells in the GCL is reported 

in the Mthfr+/- mice (Markand et al, 2015), supporting the evidence of Hhcy being the 

causative factor. Previous studies support increased susceptibility of the ganglion cells to 

Hhcy (Ganapathy et al, 2009, Yu et al, 2011). Complete retinal detachment was seen in 20-

30% Mthfr+/-rd8/rd8 mice at 24 wks. This in contrast with normal retinal architecture in 

Mthfr+/- mice and focal retinal lesions in the rd8 mice (Aleman et al, 2011; Markand et al, 

2015). The reason for occurrence of retinal detachment in 20-30% Mthfr+/-rd8/rd8 mice is not 

yet clear to us. The retinal changes were accompanied by corneal abnormalities with 

thicker cornea and neovascularization in ~20% Mthfr+/-rd8/rd8 mice across all ages studied. 

We reported similar corneal pathologies in Mthfr+/- mice (Markand et al, 2015), indicating 

that Hhcy may be associated with corneal abnormalities. Recent literature suggests the role 

of rd8 mutation in Keratocouns (abnormal bulging of cornea) in humans, particularly in 

LCA patients (Beyer et al, 2010; McMahon et al, 2009). Hence corneal abnormalities may 

be attributed to both rd8 and Hhcy. Taken together, our data support the hypothesis that 

Hhcy (due to Mthfr deficiency) may be a possible modifier in rd8-related retinal 

pathologies.  It might be assumed that the rd8 mutation when combined with any other 

mutation that affects the retina will have a disrupted phenotype. Indeed, a well-known 
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example of AMD, using the Ccl2−/−Cx3cr1−/− mice (Mattapallil et al, 2012; Tuo et al, 

2007), was later shown to harbor the rd8 mutation. The influence of the double mutation 

resulted in a very severe retinal phenotype. Interestingly a recent report by Sahu et al (2015) 

using the Ctrp5+/−rd8/rd8 mutant mouse model demonstrated that the rd8 mutation did not 

alter retina phenotype in their mutant mouse model.  Clearly not all mutations that affect 

retina are modifiers of rd8. 

In summary, we found that Mthfr deficiency modified the retinal phenotype in rd8 

mutation. Considering the variability of clinical features in LCA patients, there is a keen 

interest in identification of genetic modifiers of the CRB1. While the proposed studies for 

this thesis weren’t focused on modifiers of Crb1, our discovery is an important one 

especially considering the high occurrence of mutations in mthfr gene in humans. Our data 

can be useful in determining the role of Mthfr mutations in patients with CRB1 mutations 

and investigating possible modes of interaction between the CRB1 and mthfr mutations. 

 

 

 

 

 

 

 

 

 

 



184 

 

 

REFERENCES CITED 

 

 

Adinolfi E, Ingrosso D, Cesaro G, et al. Hyperhomocysteinemia and the MTHFR C677T 

polymorphism promote steatosis and fibrosis in chronic hepatitis C patients. Hepatology. 

2005; 41: 995-1003. 

 

Aleman S, Cideciyan V, Aguirre K, et al. Human CRB1-associated retinal degeneration: 

comparison with the rd8 Crb1-mutant mouse model. Investigative Ophthalmology & 

Visual Science. 2011; 52: 6898-6910. 

 

Axer-Siegel R, Bourla D, Ehrlich R, et al. Association of neovascular age-related macular 

degeneration and hyperhomocysteinemia.  Am J Ophthalmol.  2004; 137: 84-89.   

 

Baehr, W, & Frederick, JM. Naturally occurring animal models with outer retina 

phenotypes. Vision Research. (2009); 49: 2636-2652. 

 

Beyer J, Zhao C, Yee R, et al. The role of crumbs genes in the vertebrate cornea. 

Investigative Ophthalmology & Visual Science. 2010; 51: 4549-4556. 

 

Bleich S, Jünemann A, Von Ahsen N, et al. Homocysteine and risk of open-angle 

glaucoma. J Neural Transm. 2002; 109: 1499-1504.   

 



185 

 

 

Bujakowska K, Audo I, Mohand‐Saïd S, et al. CRB1 mutations in inherited retinal 

dystrophies. Human Mutation. 2012; 33: 306-315. 

 

Chang B, Hurd E, Wang J, et al. Survey of common eye diseases in laboratory mouse 

strains. Investigative Ophthalmology & Visual Science. 2013; IOVS-13. 

 

Chen, Z., Karaplis, A. C., Ackerman, S. L., Pogribny, I. P., Melnyk, S., Lussier-Cacan, S., 

& Rozen, R. Mice deficient in methylenetetrahydrofolate reductase exhibit 

hyperhomocysteinemia and decreased methylation capacity, with neuropathology and 

aortic lipid deposition. Human Molecular Genetics.2001; 10: 433-443. 

 

Chu K, Wang Y, Ardeljan D, et al. Controversial view of a genetically altered mouse model 

of focal retinal degeneration. Bioengineered. 2013; 4: 130-135. 

 

Födinger M, Hörl H, Sunder-Plassmann G. Molecular biology of 5, 10-

methylenetetrahydrofolate reductase. Journal of Nephrology. 1999; 13: 20-33. 

 

Ganapathy S, Moister B, Roon P. Endogenous elevation of hcy induces retinal neuron 

death in the cystathionine-beta-synthase mutant mouse. Investigative Ophthalmology & 

Visual Science. 2009; 50: 4460-4470. 

 

Gosens I, den Hollander I, Cremers P, et al. Composition and function of the Crumbs 

protein complex in the mammalian retina. Experimental Eye Research. 2008; 86: 713-726. 



186 

 

 

 

Grawe F, Wodarz A, Lee B, et al.The Drosophila genes crumbs and stardust are involved 

in the biogenesis of adherens junctions. Development. 1996; 122: 951-959. 

 

Henderson H, Mackay S, Li Z, et al. Phenotypic variability in patients with retinal 

dystrophies due to mutations in CRB1. British Journal of Ophthalmology. 2011; 95: 811-

817. 

 

Hollander I, Davis J, van der Velde-Visser D, et al. CRB1 mutation spectrum in inherited 

retinal dystrophies. Hum. Mutat. 2004; 24: 355–369. 

 

Hollander I, Davis J, van der Velde‐Visser D, et al. CRB1 mutation spectrum in inherited 

retinal dystrophies. Human Mutation. 2004; 24: 355-369. 

 

Hollander I, Heckenlively R, van den Born I, et al. Leber congenital amaurosis and retinitis 

pigmentosa with Coats-like exudative vasculopathy are associated with mutations in the 

crumbs homologue 1 (CRB1) gene. The American Journal of Human Genetics. 2001; 69: 

198-203. 

 

Hollander, A. I., Jacoline, B., de Kok, Y. J., van Soest, S., van den Born, L. I., van Driel, 

M. A., ... & Bergen, A. A. (1999). Mutations in a human homologue of Drosophila crumbs 

cause retinitis pigmentosa (RP12). Nature Genetics, 23(2), 217-221. 

 



187 

 

 

Jacobson G, Cideciyan V, Aleman S, et al. Crumbs homolog 1 (CRB1) mutations result in 

a thick human retina with abnormal lamination. Human Molecular Genetics. 2003; 12: 

1073-1078. 

 

Jaksic V, Markovic V, Milenkovic S, et al.  MTHFR 677C>T homozygous mutation in a 

patient with pigmentary glaucoma and central retinal vein occlusion. Ophthalmic Res. 

2010; 43:193-196.   

 

Lahey M, Kearney J, Tunc M.  Hypercoagulable states and central retinal vein occlusion. 

Curr Opin Pulm Med.  2003; 9: 385-392 

 

Lawrance, A. K., Racine, J., Deng, L., Wang, X., Lachapelle, P., & Rozen, R. Complete 

deficiency of methylenetetrahydrofolate reductase in mice is associated with impaired 

retinal function and variable mortality, hematological profiles, and reproductive outcomes. 

Journal of Inherited Metabolic Disease. 2011; 34: 147-157. 

 

Luhmann, U. F., Carvalho, L. S., kleine Holthaus, S. M., Cowing, J. A., Greenaway, S., 

Chu, C. J., ... & Ali, R. R. (2015). The severity of retinal pathology in homozygous 

Crb1rd8/rd8 mice is dependent on additional genetic factors. Human Molecular Genetics, 

24(1), 128-141. 

 

Makarova O, Roh H, Liu J, et al. Mammalian Crumbs3 is a small transmembrane protein 

linked to protein associated with Lin-7 (Pals1). Gene. 2003; 302: 21e29 

http://www.ncbi.nlm.nih.gov/pubmed/20068371
http://www.ncbi.nlm.nih.gov/pubmed/20068371
http://www.ncbi.nlm.nih.gov/pubmed/12904708


188 

 

 

 

 

Markand S, Roon P, Prasad P, et al. Retinal ganglion cell loss and mild vasculopathy in 

methylene tetrahydrofolate reductase (Mthfr) deficient mice: a model of mild 

hyperhomocysteinemia. Investigative Ophthalmology & Visual Science. 2015; 14. 

 

Mattapallil, M. J., Wawrousek, E. F., Chan, C. C., Zhao, H., Roychoudhury, J., Ferguson, 

T. A., & Caspi, R. R. The Rd8 mutation of the Crb1 gene is present in vendor lines of 

C57BL/6N mice and embryonic stem cells, and confounds ocular induced mutant 

phenotypes. Investigative ophthalmology & visual science.2012; 53: 2921. 

 

McKay J, Clarke S, Davis A, et al. Pigmented paravenous chorioretinal atrophy is 

associated with a mutation within the crumbs homolog 1 (CRB1) gene. Investigative 

Ophthalmology & Visual Science. 2005; 46: 322–328. 

 

McMahon T, Kim S, Fishman A, et al. CRB1 gene mutations are associated with 

keratoconus in patients with leber congenital amaurosis. Investigative Ophthalmology & 

Visual Science.2009; 50: 3185-3187. 

 

Mehalow K, Kameya S, Smith S, et al. CRB1 is essential for external limiting membrane 

integrity and photoreceptor morphogenesis in the mammalian retina. Human Molecular 

Genetics. 2003; 12: 2179-2189. 

 



189 

 

 

 Mehalow K, Kameya S, Smith S, et al. CRB1 is essential for external limiting membrane 

integrity and photoreceptor morphogenesis in the mammalian retina. Hum. Mol.Genet. 

2003; 12: 2179–2189. 

 

Pearson A, Barber C, West L, et al. Targeted disruption of outer limiting membrane 

junctional proteins (Crb1 and ZO-1) increases integration of transplanted photoreceptor 

precursors into the adult wild-type and degenerating retina. Cell Transplantation. 2010; 19: 

487. 

 

Pellikka M, Tanentzapf G, Pinto M, et al. Crumbs, the Drosophila homologue of human 

CRB1/RP12, is essential for photoreceptor morphogenesis. Nature. 2002; 416: 143-149. 

 

Richard M, Roepman R, Aartsen M, et al.  Towards understanding CRUMBS function in 

retinal dystrophies. Human Molecular Genetics. 2006; 15: R235-R243. 

 

Sahu, B., Chavali, V. R., Alapati, A., Suk, J., Bartsch, D. U., Jablonski, M. M., & Ayyagari, 

R. (2015). Presence of rd8 mutation does not alter the ocular phenotype of late-onset retinal 

degeneration mouse model. Molecular Vision, 21, 273. 

 

Sarthy V, Ripps H. The Retinal Müller Cell:  Structure and Function. New York, NY: 

Kluwer Academic/Plenum Press. 2001. 

 

Seddon M, Gensler G, Klein ML, et al. Evaluation of plasma homocysteine and risk of age-

related macular degeneration.  Am J Ophthalmol. 2006; 141: 201-203.  



190 

 

 

 

Semba RD. Retinal vascular disease.Nutrition and health Handbook of Nutrition and 

Ophthalmology. Totowa, NY: Humana Press; 2007: 257-280 

 

Tawfik, A., Al-Shabrawey, M., Roon, P., Sonne, S., Covar, J. A., Matragoon, S., & Smith, 

S. B. Alterations of retinal vasculature in cystathionine-beta-synthase mutant mice, a model 

of hyperhomocysteinemia. Investigative Ophthalmology & Visual Science. (2013): 939-

949. 

 

Tepass U, Theres C, Knust E. Crumbs encodes an EGF-like protein expressed on apical 

membranes of Drosophila epithelial cells and required for organization of epithelia. Cell. 

1990; 61: 787e799 

 

Tsina K, Marsden L, Hansen M, et al. Maculopathy and retinal degeneration in cobalamin 

C methylmalonic aciduria and homocystinuria. Arch Ophthalmol. 2005; 123: 1143–1146.   

 

Tuo J Bojanowski CM Zhou M Murine ccl2/cx3cr1 deficiency results in retinal lesions 

mimicking human age-related macular degeneration. Investigative Ophthalmology & 

Visual Science. 2007; 48:3827–3836 

 

Van de Pavert A, Kantardzhieva A, Malysheva A, et al. Crumbs homologue 1 is required 

for maintenance of photoreceptor cell polarization and adhesion during light exposure. 

Journal of Cell Science. 2004; 117: 4169-4177. 



191 

 

 

 

Van de Pavert A, Meuleman J, Malysheva A, et al. A single amino acid substitution 

(Cys249Trp) in Crb1 causes retinal degeneration and deregulates expression of pituitary 

tumor transforming gene Pttg1. J. Neurosci. 2007; 27: 564e573. 

 

Van de Pavert A, Sanz S, Aartsen M, et al. Crb1 is a determinant of retinal apical Müller 

glia cell features. Glia. 2007; 55: 1486-1497. 

 

Van den Hurk M, Rashbass P, Roepman R, et al. Characterization of the Crumbs homolog 

2 (CRB2) gene and analysis of its role in retinitis pigmentosa and Leber congenital 

amaurosis. Mol. Vis. 2005; 11: 263e273 

 

Van Rossum G, Aartsen M, Meuleman J, et al. Pals1/Mpp5 is required for correct 

localization of Crb1 at the subapical region in polarized Müller glia cells. Human molecular 

genetics. 2006; 15: 2659-2672 

 

Vessani M, Ritch R, Liebmann M, et al. Plasma homocysteine is elevated in patients with 

exfoliation syndrome. Am J Ophthalmol. 2003; 136:41-46. 

 

Yang G, Lu J, Pan C. The impact of plasma homocysteine level on development of 

retinopathy in type 2 diabetes mellitus. Zhonghua Nei Ke Za Zhi. 2002; 41: 34-38.  

 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Vessani%20RM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ritch%20R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Liebmann%20JM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=vessani%20and%20jofe


192 

 

 

Yu M, Sturgill-Short G, Ganapathy P, et al. Age-related changes in visual function in 

cystathionine-beta-synthase mutant mice, a model of hyperhcymia. Exp Eye Res. 2012; 

96: 124-131.  



193 

 

 

 

  



 

 

 

 

Figure 1.  The eye.  The eye can be divided into three layers: the corneo-scleral layer 

(outer), the uveal layer (intermediate), and the photosensitive retinal layer (inner) (Image 

adapted from Phoenixville, eyecare website). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Figure 2.  Retina histology.  (A) Drawing of mammalian retina depicting different retinal 

cell types within the various histological layers. (B) Photomicrograph of a JB4- embedded 

section of a C57BL6/J mouse retina stained with hematoxylin and eosin to visualize the 

histological layers of the retina.  Abbreviations: ILM= inner limiting membrane; NFL= 

nerve fiber layer; GCL= ganglion cell layer; IPL= inner plexiform layer; INL= inner 

nuclear layer; OPL= outer plexiform layer; ONL= outer nuclear layer; OLM= outer 

limiting membrane; IS= inner segments; OS= outer segments of the photoreceptors, and 

RPE=retinal pigment epithelium (Panel A is adapted from Wilkinson-Berka et al, 2004, 

Panel B obtained by S Markand, S.B Smith laboratory). 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Figure 3. Overview of RPE functions. Abbreviations: Cl-= Chloride ions; K+] potassium 

ions; MV= microvilli; PEDF= pigment epithelium-derived growth factor; VEGF= 

vascular epithelium growth factor and OS= Outer segments (Image by Strauss, 2005). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Figure 4. Schematics of rod and cone photoreceptor cells. The rod and cone 

photoreceptora are the first order neurons of the visual pathway. These cells are highly 

polarized. The main compartments of rod and cone photoreceptor cells include: outer 

segment that contains opsins for phototransduction; inner segment with cellular machinery 

such as mitochondria and Golgi; nuclei and synaptic terminal (Image adapted from 

Ganfyd website, 2014). 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Figure 5. Microglia and Astrocytes in the retina. (A)Microglia, resident macrophages of 

the retina, are stained with Iba-1 antibody in the retinal cryosections. Under normal 

conditions microglia exhibit a ramified morphology suitable for surveillance purposes. 

Under stress, these cells transform into an amoeboid morphology, suitable for migration 

to the lesion site (B) Astrocytes, macroglia cells of the retina are stained with GFAP 

(green), and blood vessels are stained with isolectin-b4 (red) in retinal flatmount. Under 

normal conditions, astrocytes exhibit stellate morphology and envelop retinal blood 

vessels. Under stress, astrocytes become reactive, upregulate GFAP expression and 

appear more ragged. Abbreviations: Iba-1= Ionized calcium binding adaptor molecule 1; 

GFAP= glial fibrillary acidic protein (Microglia image is adapted from Wang et al, 2011, 

astrocyte (Image is adapted from Lasker and Initiative for Innovation in Vision Science, 

Report, 2010). 

 

 

 

 

 

 

 

 

 



 

 

 

 

Figure 6. Müller cells in the retina: Retinal cryosections from the C57BL6/J mouse were 

subjected to immunofluorescence analysis of vimentin (green) antibody, a marker for 

Müller cells. The Müller cells labeled with vimentin are shown spanning the entire retinal 

thickness with radial orientation (Image obtained by S. Markand, S.B Smith laboratory). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Figure 7. Electroretinogram (ERG). (A) Schematic representation of a typical mouse ERG 

response showing a-wave and b-wave (B) The laboratory setup for recording the mouse 

ERG response: Mice are dark or light adapted for recording scotopic and photopic 

responses respectively. Optic fibers transmit the visual stimulus from an LED and 

responses are recorded, modified, digitized and analyzed using appropriate tools and 

software. (C) The electrodes (green) are marked with black arrow heads and isofluorane 

delivery source is marked by an asterisk (Courtesy, A. Saul). 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Figure 8. Illustration of B-scan, Volume Intensity Projection, Doppler, 3D modes of SD-

OCT and retinal layers labeling. Abbreviations: ILM, inner limiting membrane; RNFL, 

retinal nerve fiber layer; GCL, ganglion cell layer; IPL, inner plexiform layer inner 

nuclear layer; INL, inner nuclear layer inner nuclear layer; OPL, outer plexiform layer; 

ONL, outer nuclear layer; OLM, outer limiting membrane; IS, inner segments; OS, outer 

segments (OS) of the photoreceptors, and RPE, retinal pigment epithelium; SD-OCT, 

Spectral Domain Optical Coherence Tomography; VIP, Volume intensity projection; N, 

nasal; T, temporal (Image obtained by S. Markand, S.B Smith laboratory). 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Figure 9. Illustration of mouse retinal thickness (automatic segmentation report) using 

DIVER software. (A) Total retinal thickness heat map, VIP and ETDRS in 100, 300 and 

600 µM zones (B) Retinal nerve fiber heat map, VIP and ETDRS in 100, 300 and 600 µM 

zones (C)Thickness matric average calculated from 8 different measurements. 

Abbreviations: AVG= Average, RNFL= retinal nerve fiber layer; VIP= Volume intensity 

projection; ETDRS= early treatment of diabetic retinopathy study; S= superior; I= 

inferior; N= nasal; T= temporal (Image obtained by S. Markand, S.B Smith laboratory). 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Figure 10. Illustration of manual mode of retinal layers assessment by OCT. For 

validation of automated segmentation analysis, manual OCT measurements can be 

performed such that the examiner can mark depth positions at distinct locations within the 

image volume (A) Representative screenshot of 5 by 5 grid retinal template (asterisk) 

showing 24 different markings in the retina (blue color represents completed markings 

while the optic nerve area is in red color as it is devoid of retinal layers). The Volume 

intensity projection, B-scan (white arrow) and depth range of B-scan (arrow head) are 

displayed. (B) Graphical representation of data acquired using manual assessment. The 

X-axis represent the number of markings with #13 as optic nerve in the center with no 

layers. The Y-axis is retinal layers thicknesses in µm (Image obtained by S. Markand, S.B 

Smith laboratory). 

 

 

 

 

 

 

 

 

 



 

 

 

 

Figure 11. Fundus and Fluorescein angiogram of C57BL/6 mouse. Fundoscopy and 

fluorescein angiography (FA) are valuable tools for assessment of retinal morphology and 

vasculature respectively in vivo. Fundus photograph (left panel) and FA (right panel) from 

a normal C57BL/6 are shown. Retinal vasculature (green) visualized with intraperitoneal 

injection of fluorescein dye are shown (Image obtained by S. Markand, S.B Smith 

laboratory). 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Figure 12. Chemical structure of homocysteine and its derivatives.  Homocysteine, an 

amino acid, exists mostly in the protein-bound form in the plasma.  Other forms include 

homocysteine thiolactone, homocysteic acid, homocysteine sulphinic acid, and cysteine 

sulphinic acid (Image from Perla-Kajan et al, 2007). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Figure 13.  Homocysteine metabolism.  Homocysteine sits at the intersection of the 

remethylation and the transsulfuration pathways. In the remethylation pathway, MTHFR 

converts N5, N10-methylenetetrahydrofolate to N5-methyltetrahydrofolate, which then 

donates a methyl group to homocysteine in the presence of methionine synthase and 

vitamin B12 for formation of methionine, an amino acid used in many methylation 

reactions. In the transsulfuration pathway, excess homocysteine can be converted 

eventually to cysteine in the presence of CBS for the formation of GSH, H2S and taurine. 

Deficiencies of enzymes, including MTHFR or CBS, can lead to accumulation of Hcy in a 

condition known as Hhcy (Image adapted from Fowler, 1997). 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Figure 14. Schematic representation of the optic nerve head (ONH) showing distribution 

of mitochondria in ganglion cells. Dense distribution of mitochondria is observed in 

ganglion cell axons in the unmyelinated region. Fewer mitochondria are observed within 

ganglion cell bodies and their dendrites (Image from Osborne and Olmo-Aguada, 2013). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Figure 15: RT-PCR and western blot analysis of Cystathionine-β-synthase (CBS) in 

mouse retina. (A) Equal amounts of mRNA were reverse transcribed from liver and neural 

retina. The synthesized cDNA was amplified by PCR to quantify the Cbs mRNA using three 

sets of primers specific for mouse Cbs (Table 1). The size of the expected PCR products 

were 567, 246 and 186 bp.  (B) Equal amounts of mRNA were reverse transcribed from 

liver, neural retina, primary mouse ganglion cells (GC), Müller cells (MC) and retinal 

pigment epithelial cells (RPE).  The synthesized cDNA was amplified by PCR to quantify 

the Cbs mRNA, the size of the expected PCR product was 186 bp. (C) Cbs gene expression 

in neural retina, primary ganglion and Müller cells was compared with the liver by real 

time PCR. 18S gene served as housekeeping gene. (D) Western blot analysis of CBS in 

liver harvested from Cbs+/+ mouse (lane 1), liver of Cbs-/- mouse (lane 2), brain of Cbs+/+ 

(lane 3), and neural retina of Cbs+/+ mouse (lane 4). The liver isolated from the Cbs -/-   

mice (lane 2) served as negative control.  β-actin (Mr ~ 42 kDa) served as a loading control 

(Image from Markand et al, 2013).  

 

 

 

 

 

 



 

 

 

 

Figure 16: Immunohistochemical analysis of Cystathionine-β-synthase (CBS) in intact 

mouse retina. Retinal cryosections from (A) Cbs+/+   and (B) Cbs-/- mice were stained with 

antibody against CBS. CBS (red fluorescence) was detected in all layers of the retina of 

Cbs+/+   mouse, especially in gcl; CBS was not detected in Cbs-/-   retina.  DAPI was used 

to stain nuclei. Scale bar: 60 μm. Abbreviations: gcl= ganglion cell layer; inl= inner 

nuclear layer; onl= outer nuclear layer (Image from Markand et al, 2013). 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Figure 17: Immunocytochemical analysis of CBS and cell purity markers in isolated 

retinal cells.  Primary ganglion cells (A); primary Müller cells (B); primary RPE cells (C) 

were grown on coverslips and subjected to immunofluorescent detection of CBS (red 

fluorescence) and appropriate cell markers (green fluorescence).  Neuronal origin of 

ganglion cells was confirmed using Neu-N (green fluorescence, panel A). Vimentin, an 

intermediate filament protein (green fluorescence, panel B) was used as a marker for 

Müller glial cells. RPE 65 (green fluorescence, panel C) was used as positive marker for 

RPE cells. All cells expressed CBS abundantly. Scale bar: 20 µm (A); 30 µm (B); 30 µm 

(C)) (Image from Markand et al, 2013). 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Figure 18: Detection of CBS enzyme activity in primary retinal Müller cells.  Primary 

retinal Müller cells were grown 6 h in media devoid of cysteine (control), media containing 

L-cysteine (50 µM) + homocysteine (100 µM) (Cys + Hcy), media containing L-cysteine 

(50 µM) (Cys) or media containing L-cysteine (50 µM) + homocysteine (100 µM) + AOAA 

(Cys + Hcy + AOAA) followed by 2 h incubation with a fluorescent probe to detect H2S, 

which is produced via the enzymatic activity of CBS. The green fluorescence represents 

H2S production and blue fluorescence represents DAPI staining of nuclei. Scale bar: 300 

µm. Abbreviations: Cys=cysteine; Hcy=homocysteine; H2S=hydrogen sulfide and AOAA= 

aminooxyacetic acid (Image from Markand et al, 2013). 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Figure 19. Assessment of Mthfr gene and protein expression. (A) Representative 

genotyping data for four offspring; wildtype mice expressing only the 145-bp product have 

both copies of the Mthfr gene, heterozygous mice expressing both the 216-bp and 145-bp 

have one copy of the Mthfr gene, and homozygous mice expressing only the 216-bp product 

do not express the Mthfr gene. (B)Total RNA was isolated from neural retina and testis 

(positive control) and subjected to qRT-PCR with mouse specific Mthfr primers. GAPDH 

served as the internal control. (C) Retinal Mthfr mRNA localization was investigated by 

fluorescent in-situ hybridization. Retinal cryosections were incubated with Mthfr anti-

sense and sense probes. Red fluorescence represents positive staining. (D) Protein was 

extracted from Mthfr+/+ mouse retina and testis and subjected to immunoblotting with 

antibody against MTHFR (Mr =5 kD). -actin (Mr =42 kD) was the internal loading 

control.  (E) To confirm the specificity of the MTHFR antibody, protein was extracted from 

Mthfr+/+ and Mthfr-/- retina and subjected to immunoblotting with the MTHFR antibody.  

GAPDH (Mr =37 kD) was the internal loading control. (E) Retinal cryosections from 

Mthfr+/+ and Mthfr-/- mice were incubated with an antibody against MTHFR followed by 

incubation with Alexafluor 488 (green) labeled secondary antibody. DAPI was used to 

label nuclei (blue fluorescence). Scale bar:50 µM. Abbreviations: bp= base pairs; kD=kilo 

Dalton; gcl=ganglion cell layer; inl= inner nuclear layer; onl= outer nuclear layer; rpe= 

retinal pigment epithelium (Image from Markand et al, 2015). 

 

 

 



 

 

 

 

Figure 20. Immunofluorescent co-localization of MTHFR in retina. Retinal cryosections 

prepared from wildtype mice were co-immunostained with antibody against MTHFR 

(green fluorescence) and antibodies against various cell types (red fluorescence):(A) Neu-

N to label inner retinal neurons of gcl and inl; (B) GFAP to label astrocytes;(C) Vimentin 

to label Müller cells; (D) RPE-65 to label RPE cells. DAPI was used to label nuclei (blue 

fluorescence). Scale bar: 50 µM. Abbreviations: gcl=ganglion cell layer; inl=inner 

nuclear layer; onl=outer nuclear layer; rpe=retinal pigment epithelium (Image from 

Markand et al, 2015). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Figure 21.  MTHR immunolocalization in ocular tissues. Eye cryosections prepared from 

wildtype mice were immunostained with antibody against MTHFR (green fluorescence). 

Companion sections were stained with hematoxylin and eosin. MTHFR was detected in 

cornea (A, B), lens (C, D), ciliary body (E, F) and optic nerve. Scale bar: 50 µM (A-F) and 

100 µM (G-H). DAPI was used to label nuclei (blue fluorescence). Abbreviations: 

epi=epithelium; st=stroma; c=capsule; sc=sclera (Image from Markand et al, 2015). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Figure 22.  Electrophysiological assessment of retinal function in 12 and 24 wk Mthfr+/- 

mice.  ERG was performed under scotopic conditions over a range of bright flash 

intensities in Mthfr+/+ (n=3) and Mthfr+/- (n=3) at 12 wks and Mthfr+/+ (n=4) and Mthfr+/- 

(n=4) at 24 wks. Graphic depiction of the average amplitudes of a- and b- wave 

ampltitudes (B), kernels (C) in Mthfr+/+ compared with Mthfr+/- mice. Positive scotopic 

threshold responses (pSTR, D top) and negative scotopic threshold response amplitudes 

(nSTR, D bottom) are shown for Mthfr+/+ compared with Mthfr+/- mice (* significantly 

different from Mthfr+/- mice; p<0.05) (Image from Markand et al, 2015). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Figure 23. Fundoscopy and fluorescein angiography (FA) in Mthfr+/− mice.  

Representative fundus images and FA data are provided for Mthfr+/+ and Mthfr+/− mice at 

ages 8 wks (A-D), 12 wks (E-H), 16 wks (I-L) and 24 wks (M-P). At 8 wks both Mthfr+/+ 

and Mthfr+/- mice displayed normal fundus and FA (A-D). At 12 wks, the fundus appeared 

normal, focal area of fluorescein leakage was observed in Mthfr+/- (indicated by white 

arrows) (H). The leakage persisted through 16 wks (white arrows) (L) and intensified in 

appearance and number by 24 wks of age (P) (Image from Markand et al, 2015). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Figure 24.  Spectral domain optical coherence tomographical (SD-OCT) imaging in 

Mthfr+/- mice. To examine retinal structure in vivo, SD-OCT was performed in Mthfr+/+ 

and Mthfr+/- mice. Representative B scan at the optic nerve head (at the center of each 

image) are shown for Mthfr+/+ and Mthfr+/- mice at 12 wks (A-B), 16 wks (C-D), and 24 

wks (E-F). 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Figure 25. Automated segmentation analysis of retinal nerve fiber layer thickness 

(RNFL) in retinas of Mthfr+/- mice at 24 wks. To evaluate thickness of RNFL in retinas of 

Mthfr+/- mice compared to Mthfr+/+ mice, automated segmentation analysis of RNFL was 

performed using SD-OCT. Representative SD-OCT heat maps of RNFL in 24 wk old (A) 

Mthfr+/+ and (B) Mthfr+/- mice are provided. Heat maps are color coded such that white 

color reflects thicker RNFL while dark blue represents thinner RNFL. The EDTRS in 

Mthfr+/- demonstrated even distribution of thinner RNFL in 300 and 600 µM zones in all 

quadrants. Abbreviations: RNFL=retinal nerve fiber layer; VIP=Volume intensity 

projection; ETDRS= early treatment of diabetic retinopathy study; S= superior; I= 

inferior; N=nasal; T=temporal (Image from Markand et al, 2015). 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

Figure 26. Quantification of whole retinal and nerve fiber layer thickness detected using 

OCT. Mthfr+/+ and Mthfr+/- at ages 12, 16 and 24 wks were subjected to post OCT image 

automated segmentation analysis using DIVER software. The report provided average 

retinal thickness (µm) of different layers in the retinas. Graphical depiction of the mean ± 

SEM for (A) total retinal thickness (RT) and (B) retinal nerve fiber layer thickness (RNFL) 

by automatic segmentation analysis and (C) manual mode of segmentation ( * Significantly 

different from Mthfr+/+ mice; p <0.01).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

Figure 27. Quantification of retinal layers thicknesses by OCT. Mthfr+/+ and Mthfr+/- 

mice (12-24 wks) were subjected to in vivo retinal imaging using SD-OCT. Post-imaging 

analysis included autosegmentation report of thicknesses of retinal layers. Graphical 

depiction of mean ± SEM thicknesses are shown (A) inner plexiform layer; (B) inner 

nuclear layer; (C) outer plexiform layer; (D) outer nuclear layer and inner segment E) 

outer segment (OS), and (F) retinal pigment epithelium. Abbreviations: ipl= inner 

plexiform layer; inl= inner nuclear layer; opl= outer plexiform layer; onl+is= outer 

nuclear layer and inner segment and outer segment and RPE= retinal pigment epithelium. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

Figure 28.  Histology of retinas from Mthfr+/- mice at 24 wks. Representative hematoxylin 

and eosin-stained cryosections of retinas harvested from (A) Mthfr+/+ and (B-C) Mthfr +/- 

mice. Overall the retinal morphology is similar for both groups, however there are areas 

of cellular dropout observed in retinas from Mthfr+/- mice (indicated by black arrow). (D) 

The number of cell nuclei in the GCL (E) The number of cell rows in the INL and (F) The 

number of cell rows in the ONL. Scale bar: 50 μM. Abbreviations: gcl= ganglion cell layer; 

ipl= inner plexiform layer; inl= inner nuclear layer; opl= outer plexiform layer; onl= 

outer nuclear layer; is=inner segment; os=outer segment; and RPE= retinal pigment 

epithelium (Image from Markand et al, 2015). 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

Figure 29. Corneal abnormalities in Mthfr+/- mice.  Ocular cryosections from Mthfr+/+ 

and Mthfr+/- mice at 24 wks were stained with hematoxylin and eosin and examined for 

morphological abnormalities. (A) Mthfr+/+ cornea, (B-C) Mthfr+/- cornea.  Some of the 

Mthfr+/- mice had corneal abnormalities: larger basal cells within corneal epithelium 

(arrow, B) and evidence of vascularization (e.g. lumen with red blood cells) on the corneal 

outer surface (arrow, D).  Scare bar: 50 μM. Abbreviations: epi=epithelium; st= stroma 

(Image from Markand et al, 2015). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Figure 30. Histological examination of Mthfr+/- mice eyes. Ocular cryosections from 

Mthfr+/+ and Mthfr+/- mice at 24 wks were stained with hematoxylin and eosin and 

examined for morphological abnormalities. No abnormalities were observed in the ciliary 

body, iris, lens and the optic nerve head. Scale bar: 50 μM.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Figure 31.  Immunofluorescent detection of GFAP and Isolectin-B4 levels. (A) Retinal 

cryosections from Mthfr+/+ and Mthfr+/- mice at 24 wks were subjected to 

immunofluorescence analysis using an antibody against GFAP followed by incubation with 

Alexa Fluor 555 (red-labeled secondary antibody), showing marked increase in GFAP 

levels in both astrocytes and Müller cells (radial labeling) in the Mthfr+/- retina compared 

to Mthfr+/+, in which GFAP expression was limited to astrocytes. (B) Quantification of 

GFAP color intensity data obtained from metamorphic analysis (* significantly higher 

than Mthfr+/+, p <0.05, n = 4). (C) To investigate retinal vasculature, retinal cryosections 

Mthfr+/+ and Mthfr+/- mice were incubated with an antibody against Isolectin-B4 followed 

by incubation with Alexa Fluor 555 (red-labeled secondary antibody), showing similar 

vascular morphology in Mthfr+/+ and Mthfr+/- mice (D) Quantification of the data obtained 

from Image J analysis of color intensity of Isolectin-B4. Scale bar: 50 μM (Image from 

Markand et al, 2015). 

 

 

 

 

 

 

 

 

 



 

 

 

 

Figure 32. Analysis of retinal hcy levels in Mthfr+/+ and Mthfr+/ - mice. Retinal hcy levels 

were quantified by HPLC and IHC analysis; (A) Hcy standard curve used for calculation 

of retinal hcy levels. (B)  Graphical representation of retinal hcy levels in Mthfr+/+, and 

Mthfr+/ - mice (24 wk) expressed as pmol/μg protein. (***Significantly different from 

wildtype mice, p <0.001); (C-D). Retinal cryosections from Mthfr+/+ and Mthfr+/- mice (24 

wk) were subjected to immunodetection of hcy; Alexa Fluor 555-conjugated antibody (red) 

was used to detect positive signals. (E) The immunopositive signals were quantified using 

Image J software (**significantly different from wildtype mice, p <0.01). Scale bar: 50 

μM. Abbreviations: hcy=homocysteine; HPLC=High performance liquid 

chromatography; IHC=immunohistochemistry; gcl=ganglion cell layer; ipl=inner 

plexiform layer; inl= inner nuclear layer; opl= outer plexiform layer; onl= outer nuclear 

layer; is=inner segment; os= outer segment, and RPE= retinal pigment epithelium (Image 

from Markand et al, 2015). 

 

 

 

 

 

 

 

 

 



 

 

 

 

Figure 1. Detection of rd8 mutation. Genotyping for detection of rd8 mutation in Mthfr+/- 

mice was performed according to the protocol described by Mattapallil et al (2012). A 

representative genotyping gel demonstrating the wt band of 244 bp and rd8 mutant band 

of 220 bp are shown. Abbreviations: wt, wildtype; rd8, retinal degeneration 8 and bp, base 

pairs (Image obtained by S. Markand, S.B Smith laboratory). 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

Figure 2. Crb1 protein localization in the mouse retina.  (A) Retinal photomicrograph 

depicting retinal layers from a wild-type mouse. The insert illustrates Crb1 protein (green) 

localization at the external limiting membrane. (B) An electron microscopic image displays 

adherens junctions between photoreceptor and Müller cells. (C) Schematic illustration of 

the location of Crb1 in the subapical region. Abbreviations: Crb1, crumbs homologue 1 

protein; RPE, Retinal pigmented epithelium; ELM, external limiting membrane; OS: outer 

segment; IS: inner segment; INL, inner nuclear layer; GCL, ganglion cell layer ; 

microvilli; PR, photoreceptor cell; MC, Müller cell and SAR, subapical region (Image 

adapted from Richard et al, 2006). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

Figure 3. Body weight and IOP in Mthfr+/-rd8/rd8 mice.  (A) Body weight and (B) IOP in 

Mthfr+/+rd8/rd8 and Mthfr+/-rd8/rd8 mice (aged 8-52 weeks). ** Significantly different from WT 

mice; p < 0.001. Abbreviations: g, grams; IOP, intraocular pressure; mm Hg, millimeter 

of mercury. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

Figure 4. Summary of scotopic ERG responses in Mthfr+/+rd8/rd8 and Mthfr+/-rd8/rd8 mice 

at 32 weeks. X-axis is different intensities of luminance and Y-axis represents the 

amplitudes of a-, b-and c-waves in µvolts. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Figure 5. Summary of ERG responses in Mthfr+/+rd8/rd8 and Mthfr+/-rd8/rd8 mice at 52 

weeks. Mthfr+/+rd8/rd8 and Mthfr+/-rd8/rd8 mice at 52 wks were subjected to ERG analysis. 

(A)Average amplitudes of the a-, (B) the b-, (C) the c-waves. (D)The peak time of the a-, 

(E) the b-and (F) the c-waves. (G) Average amplitude of Kernel, (H) Absolute phase and 

(I) latency.Results of two-way ANOVAs for intensity andgenotype are shown, with 

“reject”indciacting siginificant effects. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

Figure 6. Fundoscopy and fluorescein angiography in Mthfr+/-rd8/rd8 mice. Representative 

fundus images and fluorescein angiography (FA) data are provided for Mthfr+/+rd8/rd8  and 

Mthfr+/-rd8/rd8 mice at ages 8 wks (A-D), 12 wks (E-H), 24 wks (I-L) and 52 wks (M-P). At 

8-12 wks both Mthfr+/+rd8/rd8 and Mthfr+/-rd8/rd8 mice displayed rd8 spots on the fundus and 

a normal appearing FA (A-E). At 24-52 wks, the fundus of Mthfr+/-rd8/rd8 mice displayed 

marked retinal disruption including geographic atrophy (I, J, M and O). This was 

accompanied by massive fluorescein leakage, beading and tortouisty in retinal blood 

vessels was observed in Mthfr+/- (L and P). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

Figure 7. Details of vascular alterations in Mthfr+/-rd8/rd8 mice by FA. Marked retinal 

vasculopathy was observed in Mthfr+/-rd8/rd8 mice from 24 wks onwards. These 

abnormalities included vascular tortuosity (A, white arrow heads), ischemia (B) area 

demarcated by white boundary), beading (C, white arrow), neovascularization (C, white 

arrow heads) and vascular leakage (C, white asterisk). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

Figure 8.  Histology of retinas of Mthfr+/-rd8/rd8 mice (age: 8-52 weeks).  Light 

micrographs of hematoxylin and eosin-stained retinal cryosections from Mthfr+/+rd8/rd8 and 

Mthfr+/-rd8/rd8 mice are shown. (A) Mthfr+/+rd8/rd8 retinas (B) retinas from Mthfr+/-rd8/rd8 mice 

that displayed the retinal morphology comparable to the Mthfr+/+rd8/rd8 and (C) ~20-30% 

Mthfr+/-rd8/rd8 mice displayed marked retinal disruption (arrow heads) and several regions 

of dropout of cells in the GCL at 24 and 52 weeks. Scale bar: 100 μm. Abbreviations: gcl, 

ganglion cell layer; inl, inner nuclear layer; onl, outer nuclear layer; rpe, retinal pigment 

epithelial layer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Figure 9.  Total number of nuclei in the GCL and number of cell rows in the nuclear 

layers of Mthfr+/-rd8/rd8 mice at 8, 12, 24, and 52 weeks. (A) Morphometric measurements 

demonstrating a significant decrease in the number of ganglion cells in Mthfr+/-rd8/rd8 mice 

at 24-52 wks. (B) The number cells in the INL and (C) ONL were comparable to that in the 

wild type mice. (** significantly different from Mthfr+/+rd8/rd8 mice, p <0.001, *** 

significantly different from wild type mice, p <0.0001). Abbreviations: GCL, ganglion cell 

layer; inl, inner nuclear layer; ONL, outer nuclear layer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

Figure 10.  Thickness of retinal layers of Mthfr+/-rd8/rd8 mice (8-52 wks). Morphometric 

measurements revealed no difference in the thickness of various retinal layers in Mthfr+/-

rd8/rd8 mice (represented as white bar) when compared to Mthfr+/+rd8/rd8 (represented as 

gray bar) except a significant thinning in the outer segment at 24 wks in Mthfr+/-rd8/rd8 mice. 

(A) Total retinal thickness; (B) thickness of inner plexiform layer;  (C) thickness of inner 

nuclear layer;(D) thickness of outer plexiform;(E) thickness of outer nuclear layer; (F) 

inner segment thickness; (G) outer segment thickness and height of retinal pigment 

epithelium. (*indicates significant decrease in outer segment at 24 weeks, p<0.05). 

Calibration bar: 20 µm. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Figure 11. Assessment of retinal blood vasculature and gliosis in retinal flatmount from 

Mthfr+/-rd8/rd8 mice at 13 months. Retinal blood vessels were visualized by the blood vessel 

marker, isolectin-b4. Gliosis was investigated using GFAP, a marker for retinal astrocytes 

that is upregulated under stress in Müller cells (Sarthy et al, 2002). The analysis revealed 

disrupted vessels in the central retina and neovascularization (arrows) in Mthfr+/-rd8/rd8 

mice. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Figure 12. GFAP and Vimentin immunoblotting in Mthfr+/-rd8/rd8 mice at 52 weeks. (A) 

Neural retina protein lysates were prepared from Mthfr+/+rd8/rd8 and Mthfr+/-rd8/rd8 mice and 

subjected to western analysis using GFAP (~50 kD) and Vimentin (~57 kD) antibodies.  

GAPDH (~38 kD) served as the loading control. (B) Densitometry measurements analyzed 

the ratio of GFAP and Vimentin to GAPDH band density.  Densitometry data revealed no 

significant differences between groups.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Figure 13. Corneal and lens abnormalities in Mthfr+/-rd8/rd8 mice at 8 and 24 weeks 

Ocular cryosections from Mthfr+/+rd8/rd8 and Mthfr+/-rd8/rd8 mice were stained with 

hematoxylin and eosin and examined for morphological abnormalities. (A) Mthfr+/+rd8/rd8 

cornea at 8 weeks (B-C) Abnormal corneas in Mthfr+/-rd8/rd8 cornea at 8 and 24 weeks. (D) 

Mthfr+/+rd8/rd8 mouse eye (E) Opacity in Mthfr+/-rd8/rd8 eye (F) Normal cornea in 

Mthfr+/+rd8/rd8 cornea by FA (G) Corneal neovascularization in Mthfr+/-rd8/rd8 (I) 

Mthfr+/+rd8/rd8 lens (H) Lens disruption in Mthfr+/-rd8/rd8 mouse. Calibration bar in A-B = 50 

μM. Calibration bar in I-H = 200 μM.  

 

 

 

 

 

 

 

 




